Award  Number :W81XWH-10-l-0520 


AD 


TITLE : Preclinical  Studies  of  Induced  Pluripotent  Stem  Cell-Derived 

Astrocyte  Transplantation  in  ALS 

PRINCIPAL  INVESTIGATOR:  Nicholas  J.  Maragakis,  M.D. 

CONTRACTING  ORGANIZATION :  Johns  Hopkins  University,  School  of  Medicine 
Baltimore,  MD  21205 

REPORT  DATE:  December  2014 

TYPE  OE  REPORT:  Einal 

PREPARED  EOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Eort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  public  release;  distribution 
unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  Information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


2.  REPORT  TYPE 

Final 


1.  REPORT  DATE  (DD-MM-YYYY) 

Bcack' cp  2014 


4.  TITLE  AND  SUBTITLE 

Preclinical  Studies  of  Induced  Pluripotent  Stem  Cell-Derived 


Astrocyte  Transplantation  in  ALS 


3.  DATES  COVERED  (From  -  To) 

aoQcnO./.  to  2  9QcnO.  14 


5a.  CONTRACT  NUMBER 


5b .  GRANT  NUMBER 

W81XWH-10-1-0520 


5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 

Nicholas  J.  Maragakis,  M.D.,  Hongjun  Song,  Ph.D. 

ck_gj  8  I  k_p_e_i  >hf  kg,  cbs 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES)B 

Johns  Hopkins  University, 

School  of  Medicine 
Baltimore,  MD,  21205 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research 

And  Materiel  Command 

Fort  Detrick,  Maryland 

21702-5012 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release.  Distribution  unlimited 


14.  ABSTRACT 

We  have  now  created  numerous  iPS  cell  lines  from  ALS  patient  samples  and  have  characterized 
their  long-term  differentiation  into  astroglia.  We  now  have  data  from  the  in  vivo 
transplantation  of  these  astroglial  progenitors  into  rat  spinal  cords.  We  have  characterized 
several  controls  and  an  ALS  cell  line  with  regard  to  their  survival,  differentiation, 
migration,  and  phenotypic  effects  on  the  host  animals.  Our  data  demonstrate  that  there  are 
differences  amongst  the  cell  lines  with  regard  to  these  properties  but  we  have  not 
appreciated  obvious  differences  with  regard  to  ALS  cells  when  compared  with  control 
astroglial  cells.  Finally,  we  have  demonstrated,  in  preparation  for  our  therapeutic 
approaches,  that  these  glial  progenitor  cells  continue  to  mature  into  astrocytes  following 
transplantation  but  that  their  survival  is  significantly  reduced  when  compared  with  previous 
studies  using  human  glial  restricted  precursors.  Given  this  poor  survival  (5%  of 


precursors  to  understand  how  the  ALS  host  environment  influences  transplanted  cells. 
15.  SUBJECT  TERMS 

Stem  Cells,  iPS  cells,  astrocytes,  familial  ALS 


17.  LIMITATION  18.  NUMBER  19a.  NAME  OF  RESPONSIBLE  PERSON 

OF  ABSTRACT  OF  PAGES  USAMRMC 

U  19b.  TELEPHONE  NUMBER  (include  area 

cc  code) 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

U 

U 

U 

U 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


Table  of  Contents 


Page 


Introduction .  3 

PROJECT  SUMMARY .  3-10 

Key  Research  Accomplishments .  11 

Reportable  Outcomes .  11 

Conclusion .  11 

Publications .  11 

References .  12 


Appendices 


12 


INTRODUCTION: 

The  overall  objective  is  to  examine  whether  human  iPSC-GRPs  (glial  restricted  precursors)  derived  from  either 
sporadic  ALS,  familial  (SOD1-mediated)  ALS,  or  control  subjects  have  the  same  capacity  for  engraftment, 
survival,  and  neuroprotective  qualities  following  transplantation.  It  is  not  known  whether  iPSC-GRPs  from  ALS 
patients  will  in  fact  be  normal  (and  thus  possibly  neuroprotective)  or  whether  these  iPSC-derived  cells  may  in 
fact  harbor  ALS-specific  abnormalities  that  may  lack  benefit  or,  potentially  exacerbate  disease.  By  comparing 
normal  iPSC-GRPs  with  sALS  iPSC-GRPs  and  fALS  iPSC-GRPs  we  will  also  learn  about  inherent  differences 
in  astrocyte  biology  related  to  ALS,  which  will  provide  potential  insights  into  disease  mechanisms. 

KEYWORDS:  IPS  cells.  Amyotrophic  Lateral  Sclerosis,  ALS,  Astrocyte,  Astrocyte  Progenitor,  Glial  Restricted 
Precursor,  Cell  Autonomy,  Stem  Cell 

OVERALL  PROJECT  SUMMARY: 


Aim  #1.  Generation  of  human  induced  pluripotent  stem  cel  I -derived  glial  restricted  precursors 

(iPSC-GRPs)  from  ALS  subject  fibroblasts 


1.  Fibroblast  and  iPSC  lines  from 

subjects  with  ALS  and  controls 

Total  of  approximately  119  subjects 
biopsied  to  date).  These  include 
subjects  with  familial  ALS  (these 
include  SOD1,  ANG,  FIG4,  FUS, 
C90RF72,  and  VCP  mutations),  as 
well  as  subjects  with  sporadic  ALS 
and  control  subjects. 
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TOTAL 

38 

27 
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20 
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21 

ALS/FTD 

4 

UNKNOWN  FAMILIAL 
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10 
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RELATED  CONTROLS 
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TOTAL 

83 

iPS  lines  completed 

fALS 

28 

sporadic  ALS 

18 

other 

6 

controls 

7 

TOTAL 

59 

2.  Sharing  of  iPSC  lines  with  collaborators.  Central  to  the  ALSRP  mission  has  been  to  generate  human 
iPSC  from  a  variety  of  ALS  subjects.  We  have  continued  to  expand  on  this  effort.  We  have  now  sent  iPSCs 
from  control  and  ALS  lines  to  the  following  institutions: 


Thomas  Jefferson  University  (Trotti  and  Pasinelli,  Pis) 

Thomas  Jefferson  University  (Lepore,  PI) 

University  of  California,  San  Diego  (Yeo,  PI) 

University  of  California,  San  Diego  (Cleveland) 

University  of  Milan,  Italy  (Corti,  PI) 

NINDS,  (Fischbeck,  PI) 

University  of  Pittsburgh  (Pandey,  PI) 

Columbia  University  (Maniatis,  PI) 

Harvard  University  (Eggan,  PI) 

Fondazione  IRCCS  Ca'  Granda  Ospedale  Maggiore  PoliclinicoUniversity  of  Milan,  Italy  (Lazzari,  PI) 
University  of  Pennsylvania  (Kalb,  PI) 
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3.  Differentiation  of  iPSCs  into  astrocytes. 


We  have  now  initiated  an  in  vitro  evaluation  of  iPSC-derived  astrocytes  to  ascertain  whether  they  express 
appropriate  astrocytic  markers  including  GFAP,  the  astrocyte-specific  glutamate  transporter  GLT1,  connexin 
43,  aquaporin  4,  the  cell  surface  marker  CD44  (a  marker  of  astrocyte  precursor  identity),  and  the  intermediate 
filament  vimentin.  Our  data  do  not  indicate  differences  in  the  capacity  for  differentiation  between  SOD1  ALS 
and  control  astrocytes  (Fig.  1).  Similar  differentiation  protocols  have  also  been  demonstrated  for  other  non- 
SOD1  genotypes  including  C90RF72  {not  shown). 


Figure  1.  Differentiation  of  SOD1-iPSCs  to  astroglia.  Representative  pictures  of  control  (006)  and  SOD1-iPSC 
(008)  derived  astrocyte  after  15-week  differentiation  showing  astroglial  marker  expression.  (A)  CD44  (red)  and 
GFAP  (green)  expression  by  differentiated  cells.  Thin  arrows  indicate  GFAP+  cells.  Arrowheads  indicate 
CD44+  cells.  Thick  arrows  indicate  CD44+/GFAP+  cells.  (B)  Quantification  of  CD44+  and  GFAP+  cells  at 
different  time  points.  (C)  EAAT1  (red)  expression  by  GFAP+  (green)  astrocytes.  Arrows  indicate  double 
positive  cells.  (D)  Aquaporin  4  (AQ4,  red)  and  EAAT2  (green)  expression.  Nuclei  were  stained  with  DAPI 
(blue).  Size  bar,  20pm. 
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4.  The  demonstration  of  normal  karyotype  following 

multiple  passages  (Figure  2). 

One  fundamental  concern  about  the  use  of  iPSC-derived 
astrocytes  for  in  vitro  analyses  or  cell  therapeutics  is  the 
fidelity  of  the  resulting  line  following  multiple  passages. 
Here  we  show  the  karyotypes  of  fALS-iPS  cells.  The  IPS 
cells  were  analyzed  between  passage  number  4  to  10  (P4  - 
P10).  Line  010  showed  balanced  translocation  due  to 
reciprocal  exchange  between  the  long-arm  of  chromosome 
1  and  the  short-arm  of  chromosome  17.  This  line  (010)  will 
be  removed  from  the  library  of  available  cells  for  future  use. 


Figure  2 
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Significance:  Our  data  demonstrate  that  we  have  derived  a  comprehensive  list  of  iPSC  from  control,  familial 
ALS,  and  sporadic  ALS  patients.  We  also  demonstrate  that  they  are  karyotypically  normal  after  numerous 
passages  (or  will  be  removed)  and  that  they  can  be  differentiated  into  astrocyte  precursors  independent  of  the 
presence  of  SOD  1  mutations. 


Aim  #2.  In  vivo  comparison  of  iPS  cell-derived  glial  restricted  precursors  (iPSC-GRPs)  from 

control,  sporadic  ALS,  and  familial  ALS  (SOD1)  following  transplantation  into  wildtype  spinal 

cord 


1.  The  detailed  characterization  of  some  IPSC  lines  has  now  been  published: 

Haidet-Phillips  AM,  Roybon  L,  Gross  SK,  Tuteja  A,  Donnelly  CJ,  Richard  JP,  Ko  M,  Sherman  A,  Eggan  K, 
Henderson  CE,  Maragakis  NJ.  Gene  Profiling  of  Human  Induced  Pluripotent  Stem  Cell-Derived  Astrocyte 
Progenitors  Following  Spinal  Cord  Engraftment.  Stem  Cells  TransI  Med.  2014  Mar  6.  [Epub  ahead  of  print] 


2.  iPSC-Derived  GRPs  from  FUS  H517Q  ALS  do  not  significantly  differ  from  control  iPSC-derived  GRP 

lines 


One  question  is  whether  iPSC-derived  GRPs  from  ALS  subjects  will  have  different  properties  when  compared 
with  control  iPSC-derived  GRPs.  This  has  important  implications  for  cell  therapeutics  since  several  current 
human  ALS  “stem  cell”  trials  internationally  have  relied  on  the  harvesting  of  host  stem  cells. 

To  begin  to  address  this  we  used  a  transplantation  paradigm  from  a  FUS  ALS  line  (Line  AB025). 

Significance:  Our  initial  data  using  the  familial  ALS  FUS  line  would  not  indicate  an  inherent  toxicity 

from  the  presence  of  this  mutation  and  could  suggest  that  (at  least  for  FUS  ALS),  that  autologous 
transplantation  of  iPSC-derived  GRPs  could  be  a  safe  neuroprotective  strategy. 
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Figure  3.  The  ALS 

line  does  not  have  a 
significant  difference  in  its 
capacity  for  differentiation  into 
astrocyte  phenotypes  when 
compared  with  control  (H13, 
11a,  18c)  lines  in  vitro. 
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Figure  4:  12  weeks  following  spinal  cord 

transplantation  into  the  rat,  the  ALS  line 

does  not  have  a  significant  difference  in  its  capacity 
for  differentiation  into  astrocyte  phenotypes  when 
compared  with  control  (H13,  11a,  18c)  lines  in  vivo. 
The  majority  of  these  cells  differentiate  into  GFAP+ 
astrocytes  with  few  (Olig2+)  oligodendrocytes. 
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Figure  5:  12  weeks  following  spinal  cord  transplantation  into 
the  rat,  the  FUS'^®^^°  ALS  line  does  not  have  a  significant 
difference  in  its  capacity  for  migration  when  compared  with 
control  (HI 3,  11a,  18c)  lines  in  vivo.  The  capacity  for 
migration  in  all  4  lines  is  limited. 


80i 
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Figure  6:  Following  in  vivo  transplantation,  there  is  limited  survival 
of  all  iPSC-derived  GRP  subtypes  including  the  FUS^^^^°  ALS 
line  AB025.  We  did  not  appreciate  any  host  (WT  rat)  motor  neuron 
death  following  the  transplantation  of  the  AB025  line  (not  shown). 
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3.  Generation  of  a  homogeneous  population  of  iPSC-derived  astrocytes. 

Recent  developments  in  the  generation  of  adult  human  fibroblast-derived  induced  pluripotent  stem  cells 
(iPSCs)  has  provided  novel  opportunities  to  study  the  mechanisms  of  astrocyte  dysfunction  in  human  patient- 
derived  cells.  To  overcome  the  difficulties  of  heterogeneity  during  the  differentiation  process  from  iPSCs  to 
astroglial  cells  (iPS  astrocytes),  we  chose  to  generate  homogenous  populations  of  iPS  astrocytes  using  zinc- 
finger  nuclease  (ZFN)  technology.  Enhanced  green  fluorescent  protein  (eGFP)  driven  by  the  astrocyte-specific 
glial  fibrillary  acidic  protein  (GFAP)  promoter  was  inserted  into  the  safe  harbor  adeno-associated  virus 
integration  site  1  {AAVS1)  locus  in  patient-  and  healthy  control-derived  iPSCs.  This  work  is  being  performed  in 
collaboration  with  Dr.  Rita  Sattler  at  Johns  Hopkins. 


Figure  7.  Homogenous  GFP-iPS  astrocyte 
population  after  FACS  isolation 

(A)  Immunostaining  of  FACS  purified 
astrocytes  with  astrocyte  markers  S100b, 
GFAP  and  reporter  gene  GFP.  Scale  bars, 
50  pm. 
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Figure  8.  Engraftment  of  ZFN-iPSC-derived  astrocytes 
into  the  wild-type  rat  spinal  cord  ventral  horn.  Engrafted 
astrocytes  at  the  site  of  injection  express  GFP-GFAP  in  vivo 
which  co-localizes  with  a  human-specific  cytoplasm  marker 
(hCyto).  The  engrafted  astrocytes  fill  the  ventral  horn  grey 
matter  at  one  month  post-transplantation  and  express 
human-specific  GFAP  (hGFAP).  The  white  dotted  lines 
outline  the  rat  spinal  cord  section  and  the  spinal  cord  grey 
matter.  Blue  staining  denotes  DAPI.  Co-localization  of  GFP- 
GFAP  and  hGFAP  in  a  single  engrafted  astrocyte  in  vivo  at 
high  magnification. 


7 


Aim  #3.  Determine  the  capacity  for  neuroprotection  of  iPSC-derived  glial  restricted  precursors 

(iPSC-GRPs)  following  transplantation  into  the  rat  model  of  ALS. 

1.  Analysis  of  most  appropriate  lines  for  preclinical  study  of  iPSC-derived  astrocyte  progenitor  cell 

therapies.  Given  the  poor  survival  of  the  majority  of  our  human  iPSC-derived  glial  progenitors,  our  initial  data 
suggested  that  the  transplantation  paradigm  (including  the  immunosuppression  strategy,  sites  of 
transplantation,  numbers  of  cells,  etc.)  would  not  provide  adequate  neuroprotection  and  the  properties  of  the 
iPSC-glial  progenitor  lines  appeared  distinct  from  our  previous  description  of  both  rat  and  human  fe tally- 
derived  glial  progenitors. 

However,  we  have  more  recently  characterized  a  control  line  of  iPSC  which  has  unique  properties  from  those 
described  above.  It  appears  that  these  cells  are  less  differentiated  and  have  the  capacity  to  express  both 
astrocyte  and  oligodendrocyte  genes.  They  appear  to  have  an  improved  capacity  for  both  survival  and 
migration  (the  reason  for  this  is  not  yet  entirely  evident). 

Astrocytes  derived  from  the  ciPS  cell  line  resulted  in  much  improved  survival  (75%  at  7  weeks)  compared  to 
other  lines  with  impressive  migration  of  up  to  6  mm  from  the  site  of  injection.  At  12  weeks  post-transplantation 
of  the  ciPS  cells,  cell  survival  was  quantified  at  275%,  indicating  the  ciPS  cells  were  continuing  to  proliferate 
and  migrate.  Indeed,  staining  for  the  proliferation  marker  Ki67  revealed  that  19%  of  the  HuNA+  cells  were 
proliferating  at  7  weeks  post-transplantation.  By  12  weeks,  many  of  the  HuNA+  cells  stopped  dividing  with  only 
6%  expressing  Ki67. 

We  have  identified  these  cells  as  possible  candidates  for  the  neuroprotection  strategy  of  transplantation  into 
SOD1  rats. 
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Figure  7 


Figure  9.  In  rats  receiving  ciPS  astrocyte  transplants,  HuNA+  cells  could  be  localized  after  12  weeks 
throughout  the  entire  grey  and  white  matter  of  the  spinal  cord  (A).  The  HuNA+  ciPS  cells  were  distributed 
evenly  throughout  the  spinal  cord  instead  of  clustered  at  the  injection  site  and  in  some  sections,  comprised 
over  50%  of  the  DAPI+  cells  in  the  spinal  cord.  Cells  migrated  several  millimeters  from  transplantation  site  (B) 

Significance:  Most  of  the  iPSC-glial  progenitor  cell  lines  studied  have  significant  limitations  for  transplantation 
strategies  with  regard  to  cell  survival  and  migration.  These  limitations  are  significantly  different  from  the 
survival  and  distribution  we  have  previously  demonstrated  in  our  utilization  of  human  fetaiiy-de rived  glial 
progenitor  cells  (Lepore  et  al  2011).  However,  we  have  identified  a  line  of  control  iPSC-derived  glial  progenitor 
cells  (the  c-IPS  line)  that  seems  to  have  better  characteristics  for  our  transplantation  studies  in  ALS  rats.  It  is 
likely  that  iPSC  lines  will  have  variable  properties  depending  on  the  individual  donor. 
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2.  Analysis  of  transplanted  control  human  glial  restricted  precursors  in  ALS  environment. 


In  addition  to  studying  how  astrocytes  from  ALS  patients  would  behave  in  a  wildtype  or  SOD1  environment,  we 
also  wanted  to  evaluate  how  transplantation  of  control  human  glial  restricted  precursors  (hGRPs)  would 
respond  to  an  ALS  environment.  Human  GRPs  were  transplanted  into  the  spinal  cord  of  either  an  ALS  mouse 
model  or  wild-type  littermate  mice.  Mice  were  sacrificed  for  analysis  at  either  the  onset  of  disease  course  or  at 
the  endstage  of  disease.  The  transplanted  GRPs  were  analyzed  by  immunohistochemistry  and  NanoString® 
gene  profiling  which  showed  no  gross  differences  in  the  engraftment  or  gene  expression  of  the  cells. 


Figure  10.  Engraftment  of  hGRPs  is  independent  of  the 
SOD1°®^'^  spinal  cord  environment.  A)  Expression  of 
human  nuclear  antigen  (HuNA)  was  used  to  identify 
transplanted  hGRPs  in  the  mouse  spinal  cord.  Human 
GRP  survival  was  estimated  by  counting  the  total  number 
of  HuNA^  cells  per  spinal  cord  at  90  days  or  endstage  in 
WT  or  SODl'^®^'^  mice.  B,  C)  Rostral-caudal  migration  of 
hGRPs  after  transplantation  into  the  WT  or 
spinal  cord  was  quantified  at  90  days  (B)  or  endstage  (C) 
time  points  by  calculating  the  percentage  of  total  HuNA"^ 
cells  along  the  distance  of  the  spinal  cord.  D)  Rostral- 
caudal  migration  of  engrafted  hGRPs  as  identified  by 
HuNA  immunohistochemistry  in  the  spinal  cord  of 
endstage  mice  or  age-matched  WT  mice. 

White  arrows  denote  bilateral  transplantation  site. 
Magnification,  10X  images  compiled  as  a  mosaic.  All  data 
are  graphed  as  mean  +/-  SEM.  n=3-4  mice/group,  p  > 
0.05. 
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Figure  11.  Astrocyte-related  gene  expression  in  engrafted  cells  is  largely 
independent  of  the  spinal  cord  environment.  Human-specific 

gene  expression  was  measured  in  hGRPs  in  vitro  just  prior  to 
transplantation  and  in  vivo  in  transplanted  cells  at  90  days  and  endstage 
after  engraftment  to  the  WT  or  spinal  cord.  A)  GFAP 

expression  in  human  cells  engrafted  to  the  WT  versus  spinal 

cord.  B)  Expression  of  aquaporin  4  in  human  cells  engrafted  to  the  WT 
versus  spinal  cord.  C)  Connexin  43  expression  in  human  cells 

engrafted  to  the  WT  versus  spinal  cord.  D)  Expression  of  the 

astrocyte-specific  gene  EZR  in  human  cells  engrafted  to  the  WT  versus 
spinal  cord..  E)  Expression  of  the  astrocyte-specific  gene  F3 
expression  in  human  cells  engrafted  to  the  WT  versus  spinal 

cord.  F)  EAAT2  expression  was  increased  after  transplantation  to  the 
spinal  cord  at  90  days  and  endstage  time  points  whereas 
EAAT2  gene  expression  was  not  changed  after  transplantation  to  the  WT 
spinal  cord  at  either  time  point.  G)  Expression  of  the  astrocyte-specific 
gene  MLC1  in  human  cells  engrafted  to  the  WT  versus  spinal 

cord.  H)  EAAT1  expression  in  human  cells  engrafted  to  the  WT  versus 
spinal  cord.  All  data  are  graphed  as  mean  +/-  SEM.  n  =  3-6 
mice/group,  *p  <  0.05. 
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Significance:  Our  data  indicate  that  human  glial  progenitor  engraftment  and  gene  expression  is  independent 
of  the  neurodegenerative  ALS  spinal  cord  environment.  These  data  are  encouraging  in  suggesting  that  control 
cells  maintain  their  autonomy  and  may  thus  be  neuroprotective.  These  findings  are  of  interest  given  that 
human  GRPs  are  currently  in  clinical  development  for  spinal  cord  transplantation  into  ALS  patients. 

KEY  RESEARCH  ACCOMPLISHMENTS: 

-Induced  Pluripotent  Stem  Cell  lines  have  been  created  from  subjects  with  familial  ALS,  Sporadic  ALS,  and 
controls. 

-IPS  Cell-derived  astrocyte  progenitors  have  been  successfully  developed  from  subjects  with  familial  ALS, 
Sporadic  ALS,  and  controls. 

-Initial  transplantation  experiments  of  iPS  Cell-derived  glial  progenitors  suggest  that  there  is  some  variability 
among  control  iPS  cell-derived  lines  with  regard  to  survival,  migration,  and  differentiation. 

—Following  transplantation,  iPSC-derived  glial  progenitors  continue  to  differentiate  and  develop  more  mature 
markers  of  astrocyte  and  oligodendrocyte  identity. 

—We  have  not  yet  appreciated  any  significant  differences  in  the  in  vivo  characterization  of  ALS  iPSC-derived 
astroglial  progenitors  when  compared  with  control  astroglial  progenitors. 

—The  complete  characterization  of  the  human  iPSC-derived  glial  progenitors  titled:  “Gene  profiling  of  human 
iPSC-derived  astrocyte  progenitors  following  spinal  cord  engraftment”  has  been  published  in  Spinal  Cord 
Translational  Medicine. 

—A  second  manuscript  comparing  the  in  vitro  properties  of  human  iPSC-derived  glial  progenitors  from  control 
and  SOD1  subjects  has  been  submitted:  “A  Comprehensive  Library  of  Familial  Human  Amyotrophic  Lateral 
Sclerosis  Induced  Pluripotent  Stem  Cells”  in  collaboration  with  Eggan,  Henderson,  and  Rothstein.  (submitted) 
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--A  third  manuscript  titled:  “Human  glial  progenitor  engraftment  and  gene  expression  is  independent  of  the 
ALS  environment.”  Is  now  in  press  at  Experimental  Neurology. 

--In  a  collaboration  with  Dr.  Rita  Sattler  at  Johns  Hopkins,  she  has  submitted  a  manuscript  titled:  Generation  of 
GFAP::GFP  astrocyte  reporter  lines  from  human  adult  fibroblast-derived  iPS  cells  using  zinc-finger  nuclease 
technology,  (submitted) 

CONCLUSION: 

This  effort  has  resulted  in  several  important  advances.  We  have  now  developed  an  extensive  library  of 
fibroblasts  and  iPSCs  from  patients  with  sporadic  ALS,  familial  ALS,  and  control  subjects.  We  have  been  able 
to  use  these  cells  not  just  for  our  own  purposes  but  also  as  part  of  numerous  collaborations  with  other 
investigators  worldwide.  We  have  also  rigorously  analyzed  the  characteristics  of  both  ALS  and  control  iPSC- 
derived  astrocyte  progenitors  in  vitro  to  demonstrate  (at  least  in  the  lines  studied  to  date)  that  the  baseline 
characteristics  are  similar.  We  have  extended  these  observations  to  in  vivo  transplantation  into  rat  spinal 
cords.  Somewhat  disappointingly,  of  the  several  control  and  single  familial  ALS  lines  studied,  the  survival  and 
migration  pattern  of  these  cells  was  less  than  anticipated  for  widespread  use  as  a  therapeutic.  However,  one 
line  with  unique  features  (c-IPS)  was  identified  with  more  impressive  patterns  of  survival  and  migration 
following  in  vivo  transplantation.  This  work  is  ongoing.  This  cell  line  that  we  have  been  using  is  likely  the  most 
appropriate  for  our  future  completion  of  therapeutic  preclinical  iPSC-based  ALS  transplantation  studies.  We 
believe  that  the  use  of  iPSC-derived  astrocyte  progenitors  from  individuals  will  be  highly  variable  and 
dependent  upon  the  individual  clone,  the  source  of  the  donor,  but  not  necessarily  the  presence  of  ALS 
mutations.  Our  most  recent  work  underscores  the  utility  of  human  fetally-derived  glial  restricted  progenitors  in 
maintaining  cell  autonomy  following  transplantation  into  the  ALS  spinal  cord  and  these  cells  do  not  appear 
adversely  affected  by  a  neurodegenerative  milieu. 

PUBLICATIONS  (Peer  Reviewed): 

Haidet-Phillips  AM,  Roybon  L,  Gross  SK,  Tuteja  A,  Donnelly  CJ,  Richard  JP,  Ko  M,  Sherman  A,  Eggan  K, 
Henderson  CE,  Maragakis  NJ.  Gene  Profiling  of  Human  Induced  Pluripotent  Stem  Cell-Derived  Astrocyte 
Progenitors  Following  Spinal  Cord  Engraftment.  Stem  Cells  TransI  Med.  2014  Mar  6.  [Epub  ahead  of  print] 
(see  Appendix) 

Amanda  M.  Haidet-Phillips®,  Arpitha  Doreswamy®,  Sarah  K.  Gross®,  Xiaopei  Tang®,  James  T.  Campanelli'’, 
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environment.  Experimental  Neurology  (in  press),  (see  Appendix) 
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Abstract 

The  generation  of  human  induced  piuripotent  stem  ceiis  (hiPSCs)  represents  an  exciting  advancement 
with  promise  for  stem  cell  transplantation  therapies  as  well  as  for  neurological  disease  modeling.  Based 
on  the  emerging  roles  for  astrocytes  in  neurological  disorders,  we  investigated  whether  hiPSC-derived 
astrocyte  progenitors  could  be  engrafted  to  the  rodent  spinal  cord  and  how  the  characteristics  of  these 
cells  changed  between  in  vitro  culture  and  after  transplantation  to  the  in  vivo  spinal  cord  environment. 
Our  results  show  that  human  embryonic  stem  cell-  and  hiPSC-derived  astrocyte  progenitors  survive  long¬ 
term  after  spinal  cord  engraftment  and  differentiate  to  astrocytes  in  vivo  with  few  cells  from  other  lin¬ 
eages  present.  Gene  profiling  of  the  transplanted  cells  demonstrates  the  astrocyte  progenitors  continue 
to  mature  in  vivo  and  upregulate  a  variety  of  astrocyte-specific  genes.  Given  this  mature  astrocyte  gene 
profile,  this  work  highlights  hiPSCs  as  a  tool  to  investigate  disease-related  astrocyte  biology  using  in  vivo 
disease  modeling  with  significant  implications  for  human  neurological  diseases  currently  lacking  animal 
models.  Stem  Cells  Translational  Medicine  2014;3:1-11 


Introduction 

stem  cell  transplantation  strategies  hold  consider¬ 
able  promise  in  the  understanding  and  treatment 
of  a  variety  of  neurological  disorders.  The  in  vitro 
use  of  neural  stem  cells  has  already  gained  attrac¬ 
tion  as  a  platform  for  recreating  the  sequences  of 
neural  development,  modeling  disease  phenotypes, 
and  for  potential  use  in  drug  screening  against 
target-disease  pathways.  However,  the  correlation 
between  the  in  vitro  characteristics  of  these  cells  for 
those  tasks  and  the  in  vivo  characteristics  of  those 
same  cells  for  therapeutic  transplantation  studies 
as  well  as  more  complex  in  vivo  disease  modeling 
has  only  had  limited  investigation. 

Various  stem  cell  sources  have  been  evaluated 
for  brain  and/or  spinal  cord  engraftment  studies,  in¬ 
cluding  human  embryonic  stem  cells  (hESCs),  mes¬ 
enchymal  stem  cells,  fetally  derived  neural  stem 
cells,  and  more  recently  human  induced  pluripotent 
stem  cells  (hiPSCs)  [1-4].  Human  iPSCs  were  initially 
reprogrammed  from  adult  human  fibroblasts  and 
have  been  shown  to  be  capable  of  differentiating  in¬ 
to  neural-specific  cell  lineages  [5].  Enthusiasm  for 
the  potential  of  hiPSCs  in  treating  neurological  dis¬ 
orders  has  also  grown,  especially  for  diseases  involv¬ 
ing  damaged  or  diseased  glia,  including  spinal  cord 
injury,  multiple  sclerosis,  and  other  demyelinating 
disorders  [1,  6].  The  discovery  that  hiPSC-derived 


oligodendrocyte  progenitors  can  extensively  remye¬ 
linate  and  rescue  a  mouse  model  of  congenital 
hypomyelination  has  generated  promise  for  both 
adult  demyelinating  and  degenerative  disorders 
as  well  as  infantile  oligodendroglial  disorders  [7]. 
Indeed,  the  first  clinical  trial  involving  transplanta¬ 
tion  of  hESC-derived  oligodendrocyte  progenitors 
into  patients  with  spinal  cord  injury  was  approved 
in  2009,  paving  the  way  for  future  trials  involving 
the  use  of  hiPSCs.  Since  then,  a  second  trial  testing 
transplantation  of  hESC-derived  retinal  pigment 
epithelium  for  macular  degeneration  has  reported 
no  safety  concerns  involving  the  use  of  these  cells 
[8]. 

In  addition  to  their  promise  as  a  cellular  source 
for  transplantation  therapies,  hiPSCs  can  also  be 
used  as  valuable  tools  in  the  modeling  of  human 
disease  [9, 10].  The  generation  of  hiPSCs  from  living 
patients  may  be  especially  useful  for  neurological 
diseases  for  which  diseased  patient  tissue  is  inac¬ 
cessible  through  biopsy.  Human  iPSCs  have  already 
been  generated  from  patients  with  a  large  variety 
of  neurological  disorders,  and  after  differentiation 
toward  neural  cell  fates,  these  hiPSCs  have  excit¬ 
ingly  displayed  diseased-related  phenotypes  in 
vitro  for  a  number  of  diseases  [9, 10]. 

Although  the  majority  of  hiPSC  work  has  fo¬ 
cused  on  the  production  of  neurons  or  oligoden¬ 
drocytes  from  hiPSCs,  it  has  become  evident  that 
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astrocytes  also  play  critical  roles  in  both  the  healthy  nervous  sys¬ 
tem  as  well  as  in  various  conditions,  notably  amyotrophic  lateral 
sclerosis  (ALS),  Rett  syndrome,  and  Huntington's  disease  [11, 12]. 
Specifically,  astrocytes  expressing  disease-linked  mutant  genes 
have  been  shown  to  directly  cause  neurotoxicity  in  these  diseases. 
Because  astrocytes  are  either  damaged  or  pathologically  altered  in 
these  disorders,  transplantation  of  healthy  astrocytes  may  limit 
neurotoxicity  and  provide  additional  support  to  injured  neurons. 
In  addition  to  the  therapeutic  goals  of  stem  cell  transplantation, 
generation  and  transplantation  of  patient  hiPSC-derived  astrocytes 
may  be  useful  for  in  vivo  disease  modeling.  This  is  especially  true  for 
diseases  such  as  sporadic  ALS,  in  which  a  genetic  component  has 
not  been  identified  as  the  etiology  in  the  majority  of  cases.  There¬ 
fore,  disease  modeling  by  transplantation  of  patient-derived  hiPSCs 
into  the  spinal  cord  may  currently  be  one  of  the  best  means  to  study 
cell-specific  disease  mechanisms  in  vivo. 

The  goal  of  our  study  was  to  develop  a  transplantation  para¬ 
digm  for  the  engraftment  of  hiPSC-derived  astrocytes  for  disease¬ 
modeling  purposes  as  well  as  to  evaluate  the  potential  of  these 
cells  as  a  source  for  therapeutic  transplantation.  Because  trans¬ 
plantation  of  hiPSC-derived  neural  stem  cells  yields  mainly  neu¬ 
rons  or  a  mixture  of  neural  cell  types  [13-15],  we  aimed  to  first 
differentiate  hiPSCs  into  astrocyte  progenitors  in  vitro  and  then 
evaluate  their  capacity  to  survive  and  engraft  when  transplanted 
into  the  ventral  horn  of  the  adult  rodent  spinal  cord.  In  addition, 
a  critical  question  to  the  stem  cell  transplantation  field  is  whether 
progenitor  cells  continue  to  differentiate  after  transplantation  and 
adopt  mature  properties  in  vivo,  which  may  be  essential  for  their 
potential  therapeutic  benefits  in  patients.  In  evaluation  of  the 
hiPSC-derived  astrocyte  progenitors,  we  used  a  novel  human  spe¬ 
cific  gene  profiling  approach  to  compare  the  in  vivo  expression  pro¬ 
file  between  various  stem  cell  lines  after  transplantation  to  the 
spinal  cord.  We  also  used  this  gene-profiling  approach  to  compare 
the  expression  profiles  of  the  astrocyte  progenitors  in  vitro  versus 
the  expression  profile  after  engraftment  to  evaluate  how  these  cells 
mature  in  an  in  vivo  environment. 

Our  data  show  that  both  hESC-  and  hiPSC-derived  astrocyte 
progenitors  are  capable  of  engrafting  and  surviving  in  the  rat  spi¬ 
nal  cord  for  at  least  12  weeks.  Immunohistochemical  analysis  and 
gene  profiling  of  the  transplanted  human  cells  revealed  the  trans¬ 
planted  cells  retain  their  astrocyte  lineage  in  vivo  with  few  cells 
from  other  neural  lineages  present.  Additionally,  gene  profiling 
of  the  transplanted  human  cells  shows  that  the  astrocyte  progen¬ 
itors  mature  dramatically  in  vivo  after  transplantation  and  upre- 
gulate  a  variety  of  both  structural  and  functional  astrocyte  genes. 
This  observed  maturation  highlights  their  potential  for  use  for  in 
vivo  disease  modeling  using  patient-derived  hiPSCs  to  study  dis¬ 
eases  of  the  brain  and  spinal  cord. 


Materials  and  Methods 

iPSC  Generation  and  Characterization 

Retroviruses  expressing  Sox2,  Oct4,  and  Klf4  were  used  to  repro¬ 
gram  fibroblasts  to  create  the  11a  and  18c  iPSC  lines.  The  charac¬ 
terization  of  these  iPSC  lines  has  been  previously  described  [16j. 
Briefly,  these  iPSC  lines  were  evaluated  for  expression  of  the  plu- 
ripotency  factors  alkaline  phosphatase,  NANOG,  OCT4,  SSEA3, 
SSEA4,  TRA-1-60,  and  TRA-1-81.  All  iPSC  lines  were  also  analyzed 
for  the  ability  to  form  three  germ  layers  in  an  in  vitro  assay  as  well 
as  the  ability  to  form  teratomas  after  transplantation  into 


immune-compromised  mice.  Details  describing  differentiation 
of  hiPSCs  are  provided  in  the  supplemental  online  data. 

Rats 

Sprague-Dawley  rats  (9-10  weeks  old;  Taconic,  Hudson,  NY, 
http://www.taconic.com)  were  dosed  daily  with  cyclosporine 
(20  mg/kg;  Novartis  International,  Basel,  Switzerland,  http:// 
www.novartis.com)  by  subcutaneous  injection  beginning  3  days 
before  transplantation  and  continued  until  sacrifice.  The  care 
and  treatment  of  animals  in  all  procedures  were  conducted  in 
strict  accordance  with  the  guidelines  set  by  the  National  Institutes 
of  Health  Guide  for  the  Care  and  Use  of  Laboratory  Animals,  the 
Guidelines  for  the  Use  of  Animals  in  Neuroscience  Research,  and 
the  Johns  Hopkins  University  Institutional  Animal  Care  and  Use 
Committee.  Measures  were  taken  to  minimize  any  potential  pain 
or  discomfort  for  the  animals. 

Transplants 

Rats  were  anesthetized  and  cervical  laminectomy  was  performed,  as 
previously  described  [17j.  Each  rat  received  bilateral  injections  into 
the  ventral  horn  at  the  sixth  cervical  spinal  level  (C6)  for  a  total  of  two 
injections.  Each  injection  contained  150,000  cells  in  a  total  of  2  /zl  de¬ 
livered  using  a  10-/zl  Hamilton  syringe  secured  to  a  micromanipulator 
with  microsyringe  pump  controller  (1  /izl/minute  rate)  [17j. 

NanoString  Analysis 

NanoString  (NanoString  Technologies,  Inc.,  Seattle,  WA,  http:// 
www.nanostring.com)  analyses  were  performed  at  12  weeks  post¬ 
transplantation.  Rats  were  perfused  with  0.9%  saline,  and  spinal  cord 
tissue  was  harvested  and  fast-frozen  in  liquid  nitrogen.  RNA  was  iso¬ 
lated  using  TRIzol,  followed  by  DNase  treatment  and  RNA  cleanup 
using  RNeasy  columns  (Qiagen,  Hilden,  Germany,  http://www. 
qiagen.com).  As  a  control,  RNA  was  also  isolated  using  identical 
methods  from  three  control  human  cervical  spinal  cords.  Probe  se¬ 
quence  and  target  genes  used  are  given  in  supplemental  online 
Table  1.  For  the  NanoString  assay,  100  ng  of  RNA  was  loaded  per  sam¬ 
ple.  For  analyses  comparing  gene  expression  of  transplanted  cells 
across  the  spinal  cord  (supplemental  online  Table  2)  as  well  as  anal¬ 
ysis  of  human  spinal  cord  (supplemental  online  Fig.  7),  all  samples 
were  normalized  using  internal  positive  controls,  and  the  raw  total 
counts  after  normalization  were  graphed.  For  analyses  comparing 
gene  expression  between  cell  lines  in  vitro  as  well  as  analyses  com¬ 
paring  gene  expression  in  vitro  versus  in  vivo  (supplemental  online 
Fig.  8;  supplemental  online  Tables  3, 4),  all  samples  were  normalized 
using  internal  positive  controls  and  four  human-specific  housekeep¬ 
ing  genes  {B2M,  GAPDH,  GUSB,  and  OAZl),  and  total  counts  after 
normalization  were  graphed.  Before  normalization,  all  raw  values 
reading  less  than  10  total  counts  were  eliminated  from  analysis  be¬ 
cause  they  were  under  the  standard  limit  of  detection. 

Statistical  Analysis 

All  data  were  analyzed  using  GraphPad  Prism  software  (GraphPad 
Software,  San  Diego,  CA,  http://www.graphpad.com).  Data  in  all 
graphs  are  represented  as  the  mean  ±  SEM.  For  immunohisto- 
chemistry  analysis,  we  analyzed  at  least  three  injection  sites  for 
in  vivo  analysis  and  at  least  three  wells  for  in  vitro  cultures.  For 
transplantation  studies,  the  number  of  animals  used  is  repre¬ 
sented  for  each  cell  line  in  Table  1,  and  two  independent  trans¬ 
plant  sites  were  analyzed  for  all  rats. 
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Table  1.  Stem  cell  lines  used  for  rat  spinal  cord  transplantation 


Cell  line 

Cell  type 

Reference 

Age 

Sex 

2 

Weeks  until  sacrifice  (n)^ 

7 

12 

H13 

hESC 

Cowan  et  al.  [18] 

0 

M 

2 

2 

3 

11a 

hiPSC 

Boulting  et  al.  [16] 

36 

M 

2 

3 

3 

18c 

hiPSC 

Boulting  et  al.  [16] 

48 

F 

2 

3 

3 

=  number  of  rats  receiving  transplant  of  various  cell  lines. 

Abbreviations:  hESC,  human  embryonic  stem  cell;  biPSC,  human  induced  pluripotent  stem  cell. 


Results 

Directed  Differentiation  of  hESCs  and  hiPSCs  to 
Astrocyte  Progenitors 

To  assess  astrocyte  engraftment  potential  from  hiPSCs  and  hESCs, 
we  used  two  hiPSC  lines  created  from  healthy  individuals  as  well 
as  one  hESC  line  for  in  vitro  astrocyte  progenitor  generation 
(Table  1).  All  hiPSC  and  hESC  lines  had  a  normal  karyotype, 
expressed  pluripotency  markers,  and  were  capable  of  differenti¬ 
ating  to  all  three  embryonic  germ  layers  [16, 18].  Astrocytes  were 
generated  from  hESCs  and  hiPSCs  using  a  recently  characterized 
protocol  for  astrocyte  differentiation  [19].  Briefly,  hiPSCs  and 
hESCs  were  neuralized  with  BMP4and  activin/TGF-;8  antagonists, 
followed  by  caudalization  and  ventralization  using  retinoic  acid 
and  sonic  hedgehog,  respectively  (Fig.  lA).  By  day  11  of  differen¬ 
tiation,  75%-80%  of  the  cells  were  neural  progenitors  expressing 
Pax6  and  Sox2,  indicating  efficient  neuralization  (supplemental 
online  Fig.  lA,  IB).  As  previously  described  [19],  this  protocol  gen¬ 
erates  a  mixture  of  immature  Tujl*  (/3-tubulin)  neurons  and  neu¬ 
ral  progenitors  at  early  stages  of  differentiation  before  culture  in 
glial  differentiation  media  (supplemental  online  Fig.  1C,  ID).  At 
day  30  of  differentiation,  the  cells  were  transferred  into  glial  dif¬ 
ferentiation  media,  including  supplementation  with  1%  FBS.  As¬ 
trocyte  progenitors  as  defined  by  CD44  staining  [20]  were 
usually  noticed  by  days  50-60  of  differentiation.  In  addition, 
we  stained  for  CD184,  a  newly  described  marker  expressed  by 
neural  progenitors  and  astrocyte  progenitors  [21].  Our  cells 
expressed  CD184  by  day  29  of  differentiation  (supplemental 
online  Fig.  1C,  ID)  and  expressed  the  astrocyte  progenitor 
markers  CD184,  CD44,  S100;S,  and  Nestin  after  100  days  of  differ¬ 
entiation,  as  previously  described  for  this  protocol  (Fig.  IB,  1C) 
[19].  At  this  time  point,  between  30%  and  50%  of  cells  also 
expressed  glial  fibrillary  acidic  protein  (GFAP)  depending  on  the 
cell  line  (Fig.  IB,  1C).  The  majority  of  cells  still  expressed  Nestin, 
CD44,  S100;S,  and  CD184  at  the  end  of  the  differentiation  process, 
indicating  the  culture  was  a  mixture  of  astrocyte  progenitor  cells 
and  immature  GFAP"^  astrocytes.  No  NG2’^  or  Olig2*  oligodendro¬ 
cyte  lineage  cells  were  observed  in  the  cultures,  and  rare  (<1%) 
lujl"^  neurons  could  be  identified  after  100  days  of  differentia¬ 
tion,  as  previously  described  (Fig.  1C)  [19].  Between  25%  and 
60%  of  the  cells  expressed  Ki67  after  100  days  of  differentiation, 
indicating  a  proportion  of  the  cells  was  mitotic  at  the  time  of 
transplantation  (Fig.  IB,  1C). 

Transplantation  of  hESC-  and  hiPSC-Derived  Astrocyte 
Progenitors  to  the  Rat  Spinal  Cord 

To  evaluate  the  astrocyte  progenitors'  propensity  for  engraftment, 
the  cells  were  transplanted  bilaterally  to  the  ventral  horn  of  the  cer¬ 
vical  spinal  cord  of  adult  wild-type  rats.  Before  the  injection  and  for 
the  remainder  of  the  study,  rats  were  given  high-dose  cyclosporine 


to  prevent  immune  rejection  of  the  grafted  human  cells.  Rats  were 
sacrificed  at  2, 7,  or  12  weeks  post-transplantation  (Table  1).  All  rats 
were  observed  daily,  and  no  behavioral  abnormalities  were  noted 
for  the  entirety  of  the  study.  At  2  weeks  post-transplantation,  cells 
could  be  localized  in  the  spinal  cord  by  staining  for  human-specific 
nuclear  antigen  (HuNA),  and  most  of  the  transplanted  cells  resided 
within  1  mm  rostral-caudal  from  the  transplantation  site 
(supplemental  online  Fig.  2).  Evaluation  of  the  transplanted  cells 
at  7  weeks  (supplemental  online  Fig.  3)  and  12  weeks  (Fig. 
2A-2D)  post-transplantation  revealed  the  HuNA"^  cells  could  be  lo¬ 
calized  in  the  spinal  cord  at  these  time  points  with  limited  (<1  mm) 
rostral-caudal  migration  from  the  transplantation  site.  Quantifica¬ 
tion  of  FluNA*  cells  in  the  spinal  cord  at  2,  7,  and  12  weeks  post¬ 
transplantation  showed  that  the  transplanted  cells  survived  for 
up  to  12  weeks,  although  survival  was  limited  (<5%  surviving  at 
12  weeks  post-transplantation)  (Fig.  2E).  One  reason  that  the  quan¬ 
tified  survival  may  be  low  is  the  limited  proliferation  of  the  cells  in 
vivo  (supplemental  online  Fig.  4).  We  also  evaluated  whether  the 
transplanted  FluNA"'’  cells  were  expressing  markers  indicative  of  ap¬ 
optosis  in  vivo  such  as  cleaved  caspase-3;  however,  we  could  not 
detect  expression  of  these  markers  at  even  2  weeks  post¬ 
transplantation.  The  quantified  cell  survival  did  not  dramatically 
change  between  2  and  12  weeks  post-transplantation,  suggesting 
either  that  the  majority  of  cells  do  not  survive  in  the  first  2  weeks 
post-transplant  or  that  many  never  engraft  at  the  site  of  transplan¬ 
tation  and  are  lost  at  the  time  of  surgery.  The  remainder  of  the  cells 
are  engrafted  long-term.  The  majority  of  transplanted  cells  resided 
in  the  gray  matter  of  the  spinal  cord  (Fig.  2F).  No  large  differences  in 
the  survival  and  migration  were  noted  between  the  different  lines  of 
hESCs  and  hiPSCs  after  transplantation  at  any  of  the  time  points  ex¬ 
amined.  Additionally,  no  teratoma  formation  was  noted  in  any  of 
the  rats  at  any  time  point  examined. 

Cell  Lineage  Characterization  of  Transplanted  hESC-  and 
hiPSC-Derived  Astrocyte  Progenitors 

To  determine  whether  the  transplanted  cells  retained  their  astro¬ 
cyte  lineage  after  engraftment,  we  colocalized  FluNA"'’  cells  with 
various  cell  lineage  markers  to  assess  whether  the  human  cells 
differentiated  into  GFAP"^  astrocytes,  Tujl"^  neurons,  or  Olig2'^ 
cells  of  the  oligodendrocyte  lineage.  At  the  time  of  transplanta¬ 
tion,  30%-50%  of  the  cells  expressed  GFAP  depending  on  the  cell 
line  (Fig.  1C).  Flowever,  after  transplantation  of  the  hiPSC  lines 
and  the  hESC  line,  more  than  80%  of  the  transplanted  FluNA"^  cells 
expressed  GFAP  at  2  weeks  post-transplantation  (Fig.  3A).  Immu- 
nohistochemical  analysis  of  the  transplanted  cells  at  7  weeks 
(supplemental  online  Fig.  5A)  and  12  weeks  (Fig.  3B,  3C)  post¬ 
transplantation  showed  that  more  than  90%  of  the  FluNA"^  cells 
express  GFAP  at  these  time  points,  suggesting  the  majority  of 
transplanted  astrocyte  progenitors  differentiate  within  2  weeks 
to  GFAP"^  astrocytes  and  remain  stable  for  at  least  12  weeks.  To 
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Figure  1.  In  vitro  differentiation  of  human  embryonic  stem  cells  and  human  induced  pluripotent  stem  cells  into  astrocyte  progenitors.  (A): 
Timeline  for  differentiation  into  astrocyte  progenitors  before  transplantation.  (B):  Representative  images  of  the  hiPSC-derived  astrocyte  pro¬ 
genitors  at  the  time  of  transplantation  showing  expression  of  astrocyte  (GFAP),  astrocyte  progenitor  (CD44,  Nestin,  SlOO/5,  CD184),  and  pro¬ 
liferation  (Ki67)  markers.  Scale  bars  =  10  /cm.  (C):  At  the  time  of  transplantation,  immunocytochemical  analysis  shows  all  cell  lines  express 
markers  indicative  of  an  astrocyte  progenitor  phenotype,  n  =  3  wells  per  cell  line  analyzed.  Error  bars  represent  SEM.  Abbreviations:  GFAP,  glial 
fibrillary  acidic  protein;  hES,  human  embryonic  stem  cells;  hiPS,  human  induced  pluripotent  stem  cells;  IPS,  induced  pluripotent  stem  cells. 


verify  the  localization  ofthe  nuclear  FluNAantigen  with  cytoplasmic 
markers  such  as  GFAP,  we  also  used  an  antibody  specific  for  human 
mitochondria,  which  colocalized  with  GFAP  (Fig.  3D).  Additionally, 
the  transplanted  cells  could  be  localized  using  a  human-specific 
GFAP  antibody  that  allowed  us  to  observe  their  elaborate  morphol¬ 
ogies  in  vivo  (Fig.  3E).  The  EiuNA"^  transplanted  cells  also  expressed 
the  astrocyte  water  channel,  aquaporin  4,  consistent  with  a  mature 
astrocyte  profile  of  gene  expression  (Fig.  3F).  Few  HuNAVOIig2'^ 
cells  were  noted  (Fig.  3G),  and  no  FluNA'Tujl*  cells  were  observed 
in  these  lines,  although  transplanted  cells  resided  in  close  proximity 
to  endogenous  rat  neurons  (supplemental  online  Fig.  5B).  Overall, 
the  astrocyte  progenitors  derived  from  different  hESC  and  hiPSC 
lines  did  not  significantly  differ  in  their  differentiation  profile 
post-transplantation.  Because  only  a  fraction  of  the  cells  from 
the  hESC  and  hiPSC  lines  expressed  GFAP  at  the  time  of  trans¬ 
plantation,  these  data  suggest  that  the  GFAP“/CD44'^  fraction 
of  cells  differentiated  in  vivo  to  GFAP’^  astrocytes  within  2  weeks 
of  transplantation.  Alternatively,  the  GFAP"^  fraction  of  cells 


could  have  survived  better  after  engraftment  compared  with 
the  GFAP”  fraction  of  cells.  Another  possibility  is  that  the  in¬ 
crease  in  GFAP  reactivity  indicates  transition  to  a  reactive  astro¬ 
cyte  phenotype  after  transplantation.  Therefore,  we  evaluated 
the  transplanted  cells  for  expression  of  LCN2,  a  recently  identi¬ 
fied  marker  for  reactive  astrocytes  [22-24].  Although  we  could 
detect  LCN2  in  the  spinal  cord  ventral  horn  of  human  ALS 
patients  in  which  reactive  astrocytosis  is  robust,  we  observed 
no  LCN2  expression  from  FluNA*  transplanted  cells,  suggesting 
the  transplanted  astrocyte  progenitors  did  not  differentiate  to 
a  reactive  phenotype  in  vivo  (supplemental  online  Fig.  6). 

In  Vivo  Gene  Profiling  of  Transplanted  hESC-  and 
hiPSC-Derived  Astrocyte  Progenitors 

To  more  fully  characterize  the  phenotype  of  the  transplanted  hu¬ 
man  cells,  we  sought  to  develop  a  gene-profiling  system  to  eval¬ 
uate  in  vivo  human-specific  gene  expression  because  there  exist 
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Figure  2.  Characterization  of  human  embryonic  stem  cell- and  human  induced  pluripotent  stem  cell-derived  astrocyte  progenitors  after  trans¬ 
plantation  to  the  rat  spinal  cord.  (A-C):  Human  embryonic  stem  cell  (A)-  and  induced  pluripotent  stem  cell  (B,  C)-derived  astrocyte  progenitors 
can  be  localized  by  HuNAat  12  weeks  post-transplantation,  and  many  express  GFAP  in  vivo.  Scale  bars  =  50  /zm.  (D):  Rostral-caudal  cell  migration 
from  the  site  of  injection  was  measured  at  12  weeks  post-transplantation  by  calculating  the  percentage  of  total  Hu  NA^  cells  along  the  distance  of 
the  spinal  cord,  n  =  4  injection  sites  analyzed  per  cell  line.  Error  bars  represent  SEM.  (E):  Cell  survival  at  2, 7,  and  12  weeks  post-transplantation 
was  quantified  by  counting  the  total  number  of  HuNA"^  cel  Is  surviving  throughout  the  rostral-caudal  extent  of  the  spinal  cord  and  dividing  by  the 
initial  number  of  cells  injected,  n  =  4-6  injection  sites  analyzed  per  cell  line.  Error  bars  represent  SEM.  (F):  GM/WM  localization  of  transplanted 
HuNA*  cells  was  assessed  at  2, 7,  and  12  weeks  post-transplantation  by  dividing  the  number  of  HuNA*  cells  in  GM  or  WM  by  the  total  number  of 
surviving  HuNA*  cells  present  throughout  the  rostral-caudal  extent  of  the  spinal  cord,  n  =  4-6  injection  sites  analyzed  per  cell  line.  Error  bars 
represent  SEM.  Abbreviations:  GFAP,  glial  fibrillary  acidic  protein;  GM,  gray  matter;  hES,  human  embryonic  stem  cells;  HuNA,  human-specific 
nuclear  antigen;  Inj.,  injection;  IPS,  induced  pluripotent  stem  cells;  WM,  white  matter. 


limited  human-specific  antibodies  appropriate  for  immunohisto- 
chemical  analysis  of  astrocytes.  For  these  studies,  we  used  Nano- 
String  technology,  which  is  a  probe-based  method  for  direct  RNA 
quantification  that  allows  for  both  sensitive  and  specific  detection 
of  small  amounts  of  human-specific  RNAs  without  cDNA  conver¬ 
sion  or  further  amplification  steps  [25].  We  designed  a  custom 
panel  of  more  than  50  genes  (supplemental  online  Table  1),  in¬ 
cluding  well-described  genes  expressed  by  neural  progenitor 
cells,  neurons,  oligodendrocytes,  and  astrocytes  as  well  as  less- 
characterized  genes  found  to  be  expressed  specifically  in  astro¬ 
cytes  in  vivo  by  gene-profiling  methods  [26].  The  design  of 
human-specific  RNA  probes  allows  for  measurement  of  gene  ex¬ 
pression  levels  specifically  in  the  transplanted  human  cells  within 
the  rat  spinal  cord  to  create  a  gene  expression  profile  for  the 
engrafted  human  astrocyte  progenitors. 

For  each  line  of  transplanted  hESC-  or  hiPSC-derived  astrocyte 
progenitors,  we  analyzed  in  vivo  gene  expression  at  12  weeks  post¬ 
transplantation.  We  isolated  RNA  for  gene  expression  profiling 
from  the  cervical  spinal  cord  region  at  the  injection  site,  from  cer¬ 
vical  sections  rostral  and  caudal  to  the  injection  site,  as  well  as  from 
a  lumbar  section  of  the  spinal  cord,  a  remote  site  from  the  area  of 
transplant.  Because  we  observed  few  transplant-derived  cells  mi¬ 
grating  even  into  the  thoracic  region  of  the  spinal  cord,  we  chose 


the  lumbar  region  as  an  area  in  which  no  human  RNAs  are  present. 
The  lumbar  region  was  used  to  evaluate  for  any  background  cross¬ 
reactivity  of  the  human-specific  probes  with  endogenous  rat  RNAs. 

Analysis  of  in  vivo  gene  expression  of  transplanted  astrocyte 
progenitors  from  the  hiPSC  and  hESC  lines  showed  that  the  trans¬ 
planted  cells  expressed  a  wide  array  of  astrocyte  lineage  genes  in 
vivo  (Fig.  4A-4C;  supplemental  online  Table  2).  These  genes  in¬ 
cluded  structural  astrocyte  genes  such  as  GFAP  as  well  as  functional 
genes  expressed  by  mature  in  vivo  astrocytes  such  as  the  water 
channel,  aquaporin  4,  the  gap-junction  protein,  Connexin  43,  the 
membrane-associated  protein,  MLCl,andthe  glutamate  transport¬ 
ers,  EAATl  and  to  a  lesser  extent  EAAT2  in  some  cell  lines.  For  many 
of  the  astrocyte  lineage  genes,  expression  was  highest  at  the  trans¬ 
plant  site  and  then  decreased  in  a  gradient  fashion  rostral  and  cau¬ 
dal  from  the  transplant  site  (Fig.  4A-4C).  We  also  evaluated  human 
gene  expression  in  three  control  postmortem  human  spinal  cords 
and  found  a  similar  pattern  of  astrocyte  gene  expression,  including 
high  GFAP  expression  with  lower  but  detectable  expression  of  other 
astrocyte  lineage  genes  such  as  aquaporin  4  and  glutamate  trans¬ 
porters  (supplemental  online  Fig.  7). 

Although  we  could  detect  high  expression  levels  of  a  variety  of 
astrocyte-specific  genes,  we  did  not  detect  any  neuronal-specific 
genes  (NeuroD,  ;8-tubulin)  expressed  by  the  transplanted  cells 
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Figure  3.  Transplanted  human  embryonic  stem  cell-  and  human  induced  pluri potent  stem  cell-derived  astrocyte  progenitors  express  astrocyte 
markers  after  transplantation  to  the  rat  spinal  cord.  (A,  B):The  percentageof  HuNA^  cells  that  also  express  GFAP,  Olig2,  or  Tujl  was  quantified  by 
immunohistochemical  analysis  at  2  weeks  (A)  and  12  weeks  (B)  post-transplantation,  n  =  4-6  injection  sites  analyzed  per  cell  line.  Error  bars 
represent  SEM.  (C):  Transplanted  EluNA^  cells  express  GEAR  and  display  typical  astrocyte  morphology  at  12  weeks  post-transplantation.  Scale 
bar  =  10  yiim.  (D):  Transplanted  human  cells  show  colocalization  of  hMitoand  GEAR  at  12  weeks  post-transplantation.  Scale  bar  =  10  /zm.  (E):The 
transplanted  cells  can  be  recognized  using  hGFAR  and  elaborate  complex  morphologies  in  vivo.  Scale  bar  =  100  /xm.  The  far  right  panel  shows 
hGFAR  expression  magnified  at  high  power.  Scale  bar  =  10  /zm.  (F):  FluNA'^  cells  colocalizing  with  GEAR  also  express  the  astrocytic  water 
channel,  Aq4.  Scale  bar  =  10  /zm.  (G):  Few  FluNA"^  cells  colocalize  with  the  oligodendrocyte  marker  Olig2.  Arrow  denotes  one  FluNAVOIig2* 
cell.  Scale  bar  =  10  /zm.  Abbreviations:  Aq4,  aquaporin  4;  GEAR,  glial  fibrillary  acidic  protein;  hES,  human  embryonic  stem  cells;  hGEAR, 
human-specific  GEAR  antibody;  hMito,  human  mitochondrial  marker;  FluNA,  human-specific  nuclear  antigen;  iRS,  induced  pluripotent  stem 
cells;  N.D.,  not  detected. 
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Figure  4.  Human-specificin  vivo  gene  profiling  by  NanoString  analysis  of  transplanted  human  embryonic  stem  cell- and  human  induced  pluripotent 
stem  cell-derived  astrocyte  progenitors  across  cervical  (C3-C7)  and  LI  lumbar  segments  of  the  spinal  cord.  (A-C):  Gene  profiling  reveals  expression  of 
astrocyte  lineage  genes  by  transplanted  H13  (A),  11a  (B),  and  18c  (C)  cells  in  vivo.  RNAfrom  separate  spinal  cord  segments  ranging  from  rostral  (C3)  to 
caudal  (LI)  from  the  site  of  injection  was  analyzed  at  12  weeks  post-transplantation.  All  samples  were  normalized  using  internal  positive  controls,  and 
the  raw  total  counts  after  normalization  are  graphed.  (D,  E):  Gene  profiling  of  nonastrocyte  lineage  genes  expressed  by  transplanted  H13  (D),  11a  (E), 
and  18c  (F)  cells  in  vivo.  RNAfrom  separate  spinal  cord  segments  ranging  from  rostral  (C3)  to  caudal  (Ll)fromthesiteof  injection  was  analyzed  at  12 
weeks  post-transplantation.  All  samples  were  normalized  using  internal  positive  controls,  and  the  raw  total  counts  after  normalization  are  graphed. 
Abbreviations:  AQP4,  aquaporin  4;  EAATl  excitatory  amino  acid  transporter  1;  EAAT2,  excitatory  amino  acid  transporter  2;  GEAR,  glial  fibrillary  acidic 
protein;  hES,  human  embryonic  stem  cells;  Inj.,  injection;  IPS,  induced  pluripotent  stem  cells;  MLC,  megalencephalic  leukoencephalopathy  with 
subcortical  cysts  1;  MOG,  myelin  oligodendrocyte  glycoprotein;  NeuroD,  neuronal  differentiation  1;  Olig2,  oligodendrocyte  lineage  specific  factor 
2;  PDGFR,  platelet-derived  growth  factor  receptor;  SOX2,  SRY  (sex  determining  region  Y)-box2. 


(Fig.  4D-4F),  consistent  with  the  immunohistochemical  results 
showing  that  the  transplanted  cells  do  not  differentiate  into  neu¬ 
rons  in  vivo  (Fig.  3B).  Similarly,  no  transplant-derived  expression 
of  microglial-specific  genes  (ITGAM)  was  found  (Fig.4D-4F).  Flow- 
ever,  we  were  able  to  detect  human-specific  transcripts  for  pro¬ 
genitor  cell  markers  such  as  Nestin  and  Sox2,  indicating  some  of 
the  transplanted  cells  may  reside  in  an  immature  progenitor  state 
in  vivo  (Fig.  4D-4F).  Likewise,  we  could  also  detect  low  levels  of 
expression  of  early  oligodendrocyte  lineage  genes  such  as  Olig2, 
platelet-derived  growth  factor  receptor-a,  and  CNP  (2',3'-cyclic 
nucleotide  3'-phosphodiesterase),  which  is  consistent  with  the 
immunohistochemical  analysis  showing  that  a  small  percentage 


(<5%)  of  cells  differentiate  toward  the  oligodendrocyte  lineage 
in  vivo.  Mature  oligodendrocyte  genes  related  to  myelin  production 
such  as  myelin  oligodendrocyte  glycoprotein  were  not  expressed  by 
the  transplanted  cells  at  12  weeks  post-transplantation  (Fig. 
4D-4F).  Overall,  we  did  not  notice  large  differences  among  the  lines 
(FI13, 11a,  and  18c)  in  their  in  vivo  gene  profile  after  transplantation. 
The  only  noted  difference  was  that  the  total  level  of  astrocyte  gene 
expression  was  lower  in  the  11a  line  compared  with  the  18c  and 
FI13  lines  (Fig.  4A-4C).  These  results  could  indicate  the  11a  line 
did  not  mature  as  well  into  astrocytes  as  the  other  two  cell  lines. 
More  likely  though,  these  results  reflect  the  slightly  lower  survival 
of  this  cell  line  after  transplantation  (Fig.  2E),  with  fewer  cells 


www.StemCellsTM.com 


©AlphaMed  Press  2014 


Downloaded  from  http://stemcellstm.alphamedpress.org/  by  Nicholas  Maragakis  on  March  10,  2014 


8 


Transplantation  of  hiPSC  Astrocyte  Progenitors 


surviving  corresponding  to  fewer  human  astrocyte  transcripts 
detected  overall  in  the  spinal  cord. 

Gene  Profiling  Reveals  Maturation  of  hESC-  and  hiPSC- 
Derived  Astrocyte  Progenitors  Post-Transplantation 

In  addition  to  characterizing  the  in  vivo  gene  expression  profile  of 
the  transplanted  cells,  we  furthermore  asked  how  the  gene  expres¬ 
sion  profile  of  these  cells  compared  with  their  expression  profile  in 
vitro  just  before  transplant.  For  therapeutic  transplantation  purpo¬ 
ses,  it  is  crucial  to  know  whether  engrafted  cells  continue  to  differ¬ 
entiate  in  vivo  and  adopt  the  properties  of  mature  astrocytes  or 
whether  they  reside  in  an  immature  state  after  transplantation.  Im- 
munohistochemical  analysis  of  the  differentiated  hESCs  and  hiPSCs 
in  vitro  showed  that  these  cells  express  markers  indicative  of  an  as¬ 
trocyte  progenitor  phenotype  before  transplant  (GFAP,  CD44,  Nes- 
tin,  SlOO/3,  CD184)  (Fig.  1C).  In  vitro  gene  profiling  of  the  astrocyte 
progenitors  before  transplant  also  indicates  these  cells  express 
both  immature  stem  cell  markers  such  as  Nestin,  Sox2,  and  CD44 
as  well  as  some  astrocyte  lineage  genes  such  as  GFAP,  Connexin 
43,  and  EAATl  (supplemental  online  Fig.  8A,  8B;  supplemental 
online  Table  3).  These  gene-profiling  results  are  consistent  with 
the  immunohistochemical  data  (Fig.  1C)  indicating  the  highest  level 
of  GFAP  expression  in  the  FI13  line,  followed  by  the  18c  line,  and 
then  the  11a  line,  with  the  lowest  GFAP  expression  level  before 
transplant  (supplemental  online  Fig.  8A). 

We  sought  to  determine  whetherthe  expression  of  these  astro¬ 
cyte  lineage  genes  increases  after  transplantation  and  whether  the 
transplanted  cells  begin  to  express  a  more  mature  profile  of  astro¬ 
cyte  lineage  genes  after  transplant.  To  compare  the  in  vitro  gene  ex¬ 
pression  profile  with  the  post-transplant  gene  expression  profile,  we 
normalized  using  human-specific  housekeeping  genes  to  specifically 
compare  the  level  of  human-specific  gene  expression  in  vitro  versus 
in  vivo.  Using  this  method,  we  found  that  astrocyte-specific  gene  ex¬ 
pression  within  the  transplanted  cells  increased  dramatically  (note 
log  scale  on  graphs)  after  engraftment  to  the  rat  spinal  cord  (Fig.  5; 
supplemental  online  Table  4).  Structural  genes  such  as  GFAP  were 
upregulated  100-  to  500-fold  (depending  on  the  cell  line)  after 
transplantation,  and  some  functional  genes  such  as  EAATl  and 
EAAT2  were  upregulated  between  30-  and  500-fold  in  most  of 
the  human  cell  lines  in  vivo.  Of  the  top  20  astrocyte-specific  genes 
found  in  a  previous  gene-profiling  report  of  in  vivo  astrocytes  [26], 
approximately  half  of  these  genes  were  increased  after  transplant 
in  the  11a,  18c,  and  FI  13  lines  (Fig.  5).  Again,  we  noticed  no  striking 
differences  in  cell  maturation  between  the  different  lines  after 
transplant,  although  fewer  astrocyte-specific  genes  were  above 
the  limit  of  detection  in  the  11a  line  (Fig.  5B). 

In  addition  to  examining  whether  astrocyte-specific  genes  in¬ 
crease  after  transplantation,  we  also  analyzed  the  expression  of 
a  variety  of  genes  that  have  been  shown  from  mouse  gene¬ 
profiling  studies  to  increase  or  decrease  as  astrocytes  mature 
from  P7  to  P17  in  vivo  [26].  We  were  interested  to  know  whether 
our  human  stem  cell-derived  astrocyte  progenitors  expressed 
these  genes  before  transplantation  and  whether  they  were 
upregulated  after  transplantation.  In  addition,  we  also  analyzed 
expression  of  genes  shown  to  be  enriched  in  cultured  mouse 
astrocytes  compared  with  in  vivo  mouse  astrocytes  [26]  to  deter¬ 
mine  whether  these  genes  are  expressed  in  our  cell  lines  in  vitro 
and,  if  so,  whether  they  are  downregulated  after  transplantation. 

In  general,  we  saw  that  all  of  our  hESC-  and  hiPSC-derived  as¬ 
trocyte  progenitors  before  transplantation  express  a  variety  of 


Figure  5.  Fluman-specific  gene  profiling  by  NanoString  analysis  of  hu¬ 
man  embryonic  stem  cell-  and  human  induced  pluripotent  stem  cell- 
derived  astrocyte  progenitors  for  astrocyte-specific  genes  in  vitro  before 
transplantation  and  in  vivo  after  transplantation.  (A-C):  Gene  profiling 
reveals  increased  expression  of  astrocyte-specific  genes  by  H13(A),  11a 
(B),  and  18c  (C)  cell  lines  in  vivo  versus  in  vitro.  RNA  was  isolated  from 
each  cell  line  just  before  transplant  (in  vitro)  as  well  as  from  the  in  vivo 
spinal  cord  at  the  site  of  injection  12  weeks  post-transplantation.  All 
samples  were  normalized  using  internal  positive  controls  and  four  hu¬ 
man-specific  housekeeping  genes  (62/M,  GAPDH,  GUSB,  OAZl).  Total 
counts  after  normalization  are  graphed.  The  lack  of  a  blue  or  yellow 
bar  indicates  that  gene  expression  was  below  the  limit  of  detection. 
Note:  a  logarithmic  scale  is  used  in  all  graphs  of  this  figure.  Abbrevia¬ 
tions:  AQP4,  aquaporin  4;  GFAP,  glial  fibrillary  acidic  protein;  hES,  hu¬ 
man  embryonic  stem  cells;  iPS,  induced  pluripotent  stem  cells. 

genes  previously  shown  to  be  enriched  in  in  vitro  cultured  astro¬ 
cytes  (Fig.  6).  However,  after  transplantation,  all  of  these  genes, 
with  the  exception  of  Anxal,  were  downregulated  to  undetect¬ 
able  levels  within  the  human  cells,  indicating  a  phenotypic  mat¬ 
uration  post-transplantation  (Fig.  6).  Furthermore,  a  variety  of 
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genes  specifically  enriched  in  developing  astrocytes  (P7)  compared 
with  mature  astrocytes  (P17)  were  also  expressed  in  the  hESC- 
and  hiPSC-derived  astrocyte  progenitors  before  transplant  (Fig.  6). 
Similar  to  the  expression  profile  for  in  vitro  culture-related  genes,  af¬ 
tertransplantation,  we  observed  a  general  downregulation  of  these 
genes  in  the  human  cells,  and,  in  two  of  the  transplanted  cell 
lines  (11a  and  18c),  we  could  not  even  detect  many  of  these 
development-related  genes  in  vivo  (Fig.  6).  In  contrast,  when  we  an¬ 
alyzed  genes  enriched  in  mature  mouse  astrocytes  (P17)  compared 
with  P7  mouse  astrocytes,  we  observed  no  clear  pattern  of  upregu- 
lation  or  downregulation  after  transplant  (Fig.  6).  These  obser¬ 
vations  may  reflect  differences  in  the  development  of  mouse 
compared  with  human  astrocytes  in  vivo  as  well  as  the  observation 
that  the  mouse  astrocyte  genes  were  profiled  from  a  forebrain  pop¬ 
ulation  that  may  not  be  a  general  representation  of  all  astrocytes. 

Discussion 

One  of  the  most  significant  advances  in  the  stem  cell  biology  field 
has  been  the  generation  of  hiPSCs  and  development  of  protocols 
allowing  differentiation  of  hiPSCs  to  specific  cell  lineages.  Human 
iPSCs  are  promising  for  autologous  cell  transplantation  therapies 
because  they  can  be  generated  from  a  living  patient  and  theoreti¬ 
cally  transplanted  back  into  the  same  patient  without  concern  of 
immune-mediated  rejection  based  on  genetic  variations  between 
the  cells  and  the  recipient.  In  addition,  hiPSCs  can  be  derived  from 
patients  with  neurological  disorders  for  disease-modeling  purposes 
that  may  lead  to  further  understanding  of  diseases  for  which  ge¬ 
netic  contributors  are  unknown  or  reliable  mouse  models  are  not 
available. 

Based  on  the  increasingly  important  role  for  glia  in  neurode- 
generative  disorders,  we  focused  on  hiPSC-derived  astrocyte  pro¬ 
genitors  and  transplantation  of  these  cells  to  the  spinal  cord. 
Astrocytes  expressing  mutant  disease-linked  genes  have  been 
shown  to  directly  contribute  to  neurotoxicity  in  ALS  as  well  as 
in  other  diseases  such  as  Rett  syndrome  [11, 12].  Thus,  replace¬ 
ment  of  the  aberrant  astrocyte  population  in  the  spinal  cord 
may  be  neuroprotective  in  ALS  and  other  disorders.  Additionally, 
for  the  majority  of  ALS  patients,  there  is  no  known  genetic  con¬ 
tributor  to  the  development  of  the  disease  (sporadic  ALS).  This 
presents  difficulties  in  the  study  of  basic  disease-related  mecha¬ 
nisms.  In  vivo  disease  modeling  through  engraftment  of  patient- 
derived  hiPSCs  to  the  rodent  spinal  cord  may  be  one  means  to 
study  astrocytes  from  these  sporadic  ALS  patients  in  an  in  vivo  en¬ 
vironment.  In  vivo  disease-modeling  strategies  have  been  attemp¬ 
ted  by  transplantation  of  patient  hiPSC-derived  neurons  for 
Huntington's  disease  [27],  but  similar  measures  using  patient 
hiPSC-derived  glia  (rather  than  neurons)  have  not  been  attempted 
for  ALS  or  other  neurodegenerative  diseases. 

In  this  work,  we  investigated  the  propensity  for  engraftment 
of  astrocyte  progenitors  derived  from  both  hESC  and  hiPSC  lines 
from  healthy  individuals  as  a  first  step  toward  characterizing 
these  cells  both  in  vitro  and  in  vivo.  Our  data  show  that  these  as¬ 
trocyte  progenitors  are  capable  of  engrafting  into  the  spinal  cord 
and  surviving  long-term  (at  least  12  weeks)  after  transplantation. 
Although  only  a  proportion  of  the  cells  expressed  GFAP  in  vitro, 
post-transplantation,  more  than  90%  of  the  cells  expressed  GFAP, 
indicating  the  astrocyte  progenitors  matured  into  astrocytes  in 
vivo  with  very  few  cells  of  other  lineages  present.  Further  gene 
profiling  at  12  weeks  post-transplantation  indicated  the  trans¬ 
planted  cells  express  a  gene  profile  consistent  with  mature 


Enriched  in  Enriched  in  Enriched  in 

cultured  developing  mature 

Q  astrocytes  astrocytes  astrocytes 


Enriched  in  Enriched  in  Enriched  in 
cultured  developing  mature 

astrocytes  astrocytes  astrocytes 


Figure  6.  Human-specific  gene  profiling  by  NanoString  analysis  of 
human  embryonic  stem  cell-  and  human  induced  pluripotent  stem 
cell-derived  astrocyte  progenitors  for  genes  involved  in  astrocyte  de¬ 
velopment  in  vitro  before  transplantation  and  in  vivo  after  transplan¬ 
tation.  (A-C):  Gene  profiling  reveals  downregulation  of  many  genes 
related  to  astrocyte  in  vitro  culture  and  early  development  after  trans¬ 
plantation  of  H13  (A),  11a  (B),  and  18c  (C).  astrocyte  progenitors  to  the 
spinal  cord.  RNA  was  isolated  from  each  cell  line  just  before  transplant 
(in  vitro)  as  well  as  from  the  in  vivo  spinal  cord  at  the  site  of  injection  12 
weeks  post-transplantation.  All  samples  were  normalized  using  inter¬ 
nal  positive  controls  and  four  human-specific  housekeeping  genes 
(62/M,  GAPDH,  GUSB,  OAZl).  Total  counts  after  normalization  are 
graphed.  The  lack  of  a  blue  or  yellow  bar  indicates  that  gene  expression 
was  below  the  limit  of  detection.  Note:  a  logarithmic  scale  is  used  in  all 
graphs  of  thisfigure.  Abbreviations:  hES,  human  embryonic  stem  cells; 
iPS,  induced  pluripotent  stem  cells. 
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astrocytes  in  vivo,  including  upregulation  of  many  astrocyte- 
specific  genes  after  transplant. 

One  challenge  we  encountered  in  transplantation  of  the  as¬ 
trocyte  progenitors  was  their  limited  survival  and  migration  after 
transplant.  Transplantation  of  less  differentiated  human  fetal- 
derived  and  hiPSC-derived  glial  precursor  cells  results  in  much  im¬ 
proved  survival  and  migration,  most  likely  a  consequence  of  their 
proliferative  capacity  in  vivo  after  transplant  [7,  28, 29].  However, 
glial  precursors  have  the  ability  to  differentiate  into  astrocytes 
or  oligodendrocytes,  and  this  split  differentiation  profile  was 
observed  after  transplantation  of  both  fetal-derived  and  hiPSC- 
derived  cells  [7,  28,  29].  The  resulting  mixture  of  astrocytes  and  oli¬ 
godendrocytes  after  transplant  may  present  challenges  in  analyzing 
the  specific  contributions  of  astrocytes  or  oligodendrocytes  in  the 
context  of  in  vivo  disease  modeling.  In  contrast,  in  the  current  study, 
we  observed  more  than  90%  of  the  hESC-  and  hiPSC-derived  astro¬ 
cyte  progenitors  differentiating  into  astrocytes  in  vivo.  Therefore, 
transplantation  of  hiPSC-derived  astrocyte  progenitors  may  be 
more  suitable  for  in  vivo  modeling  of  focal  astrocyte-specific 
influences  on  spinal  motor  neurons  in  diseases  such  as  ALS.  Im¬ 
provement  in  survival  and  migration  of  the  astrocyte  progeni¬ 
tors  while  retaining  a  restricted  cell  fate  continues  to  present 
a  challenge  in  using  these  cells  for  therapeutic  purposes.  Only 
one  other  study  has  described  attempted  transplantation  of 
hESC-derived  astrocyte  progenitors;  however,  this  study  did 
not  provide  any  quantitative  data  on  the  survival,  migration, 
or  differentiation  profile  of  these  cells  in  vivo,  and  these  trans¬ 
plantation  studies  were  also  limited  to  hESC-derived  astrocyte 
progenitors  (not  hiPSCs)  [30]. 

As  a  result  of  the  limited  availability  of  human-specific  anti¬ 
bodies,  we  tested  a  novel  method  to  assess  human-specific  gene 
expression  in  vivo  after  transplantation  using  NanoString  gene 
profiling.  This  gene-profiling  approach  allows  for  rapid  assess¬ 
ment  of  in  vivo  gene  expression  using  customizable  human- 
specific  probes,  providing  a  snapshot  of  how  the  transplanted  cells 
behave  in  vivo  after  transplantation.  Using  this  method,  we  were 
able  to  show  that  the  transplanted  astrocytes  express  a  wide  array 
of  astrocyte-specific  genes  in  vivo,  which  would  have  been  challeng¬ 
ing  by  standard  immunohistochemical  measures. 

Another  goal  of  our  work  was  to  use  gene  profiling  to  assess 
how  the  transplanted  cells  change  between  in  vitro  culture  versus 
after  transplantation  to  the  in  vivo  environment  of  the  rodent  spi¬ 
nal  cord.  Transcriptome  analyses  indicate  a  clear  difference  be¬ 
tween  astrocytes  cultured  in  vitro  versus  in  vivo  endogenous 
astrocytes  of  the  rodent  forebrain  [26].  Many  of  the  perceived 
benefits  of  engrafted  astrocytes  rely  on  mature  functions  of  these 
cells,  which  may  or  may  not  be  present  in  the  transplanted  cells. 
For  example,  in  ALS,  astrocytes  are  well  known  to  lose  expression 
of  the  major  glial  glutamate  transporter,  EAAT2,  causing  excess 
glutamate  to  accumulate  at  the  synapse  and  downstream  neuro¬ 
toxicity  [31-33].  Our  data  show  that  the  transplanted  astrocyte 
progenitors  express  a  variety  of  both  structural  (GFAP)  and  func¬ 
tional  genes  such  as  the  water  channel,  aquaporin  4,  the  gap 
junction  protein,  Connexin  43,  and  glutamate  transporters.  Addi¬ 
tionally,  gene  profiling  demonstrates  that  the  transplanted  cells 
undergo  significant  maturation  after  engraftment,  leading  to 
upregulation  of  a  variety  of  astrocyte-specific  genes  and  downre- 
gulation  of  genes  involved  in  astrocyte  development.  Because  we 
only  measured  the  gene  profile  of  the  transplanted  cells  out  to  12 
weeks  post-transplantation,  the  possibility  also  exists  that  these 
cells  will  continue  to  mature  and  express  even  higher  levels  of 


mature  astrocyte  genes  at  later  time  points  in  vivo.  Still,  these 
data  highlight  the  potential  usefulness  for  hiPSCs  in  in  vivo  mod¬ 
eling  for  diseases  such  as  ALS  in  which  astrocytes  have  been  im¬ 
plicated  in  disease  initiation  and  progression. 

Lastly,  although  our  understanding  of  hiPSCs  has  grown  dra¬ 
matically  in  recent  years,  much  of  this  work  has  been  limited  to  in 
vitro  studies.  Although  Boulting  et  al.  [16, 34-40]  found  consider¬ 
able  overlap  in  the  neuronal  differentiation  propensity  of  hESCs 
and  hiPSCs,  several  in  vitro  studies  have  suggested  that  hESCs  dif¬ 
fer  significantly  from  hiPSCs  and  have  also  highlighted  substantial 
variation  between  different  lines  of  hiPSCs  in  gene  expression  and 
differentiation  potential.  We  asked  whether  these  variations 
exist  only  in  vitro  or  whether  cell  line-specific  differences  are 
also  present  after  transplantation  to  the  spinal  cord.  In  our 
work,  all  three  cell  lines  that  we  transplanted  behaved  similarly 
in  vivo  with  regard  to  survival,  migration,  and  differentiation. 
We  also  noted  no  large  differences  between  the  hESC  line 
and  the  two  iPSC  lines  before  or  after  transplant.  Although 
our  data  include  only  three  different  cell  lines,  NanoString  gene 
profiling  may  provide  for  a  way  to  more  quickly  screen  further 
cell  lines  to  assess  for  line  variability  in  survival,  migration,  and 
differentiation  in  vivo. 

Conclusion 

We  have  evaluated  hiPSC-  and  hESC-derived  astrocyte  progen¬ 
itors  for  their  ability  to  engraft  into  the  rodent  spinal  cord  as  the 
first  step  toward  cell  transplantation  therapy  and  in  vivo  disease 
modeling  using  these  cells.  Although  migration  and  initial  sur¬ 
vival  were  limited  after  transplantation  of  these  cells,  we  did  ob¬ 
serve  restricted  differentiation  to  astrocytes  in  vivo  with  few 
cells  from  other  lineages  present.  Our  novel  gene-profiling  ap¬ 
proach  showed  that  hESC-  and  hiPSC-derived  astrocyte  progen¬ 
itors  continue  to  develop  in  vivo  after  transplantation  and 
express  mature  astrocyte  genes,  suggesting  the  cells  received 
in  vivo  environmental  cues  directing  them  toward  terminal  dif¬ 
ferentiation.  Given  the  homogenous  differentiation  profile  and 
mature  gene  expression  of  these  cells,  transplantation  of  patient- 
derived  hiPSC  astrocyte  progenitors  for  in  vivo  disease  model¬ 
ing  or  for  potential  therapeutics  in  the  spinal  cord  is  feasible. 
Establishment  of  hiPSC-derived  astrocyte  progenitors  as  a  tool 
for  in  vivo  disease  modeling  may  then  lead  to  the  discovery  of 
novel  mechanisms  in  ALS  or  other  neurodegenerative  disorders 
with  astrocyte  dysfunction. 
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Abstract 


Although  Amyotrophic  Lateral  Sclerosis  (ALS)  is  a  motor  neuron  disease,  basic  research  studies 
have  highlighted  that  astrocytes  contribute  to  the  disease  process.  Therefore,  strategies  which 
replace  the  diseased  astrocyte  population  with  healthy  astrocytes  may  protect  against  motor 
neuron  degeneration.  Our  studies  have  sought  to  evaluate  astrocyte  replacement  using  glial- 
restricted  progenitors  (GRPs),  which  are  lineage-restricted  precursors  capable  of  differentiating 
into  astrocytes  after  transplantation.  The  goal  of  our  current  study  was  to  evaluate  how 
transplantation  to  the  diseased  ALS  spinal  cord  versus  a  healthy,  wild-type  spinal  cord  may 
affect  human  GRP  engraftment  and  selected  gene  expression.  Human  GRPs  were  transplanted 
into  the  spinal  cord  of  either  an  ALS  mouse  model  or  wild-type  Ihtermate  mice.  Mice  were 
sacrificed  for  analysis  at  either  the  onset  of  disease  course  or  at  the  endstage  of  disease.  The 
transplanted  GRPs  were  analyzed  by  immunohistochemistry  and  NanoString®  gene  profiling 
which  showed  no  gross  differences  in  the  engraftment  or  gene  expression  of  the  cells.  Our  data 
indicate  that  human  glial  progenitor  engraftment  and  gene  expression  is  independent  of  the 
neurodegenerative  ALS  spinal  cord  environment.  These  findings  are  of  interest  given  that  human 
GRPs  are  currently  in  clinical  development  for  spinal  cord  transplantation  into  ALS  patients. 

Key  Words:  neurodegeneration,  stem  cells,  transplantation,  astrocyte 


Introduction 

Amyotrophic  Lateral  Sclerosis  (ALS)  is  a  progressive,  neurodegenerative  disease  caused  by  the 
loss  of  corticospinal,  bulbar,  and  spinal  motor  neurons.  The  majority  of  patients  lack  a  family 


history  of  the  disease  (charaeterized  as  sporadie  ALS)  while  10%  of  patients  inherit  the  disease 
in  a  dominant  fashion  (familial  ALS).  Although  reeent  efforts  have  identified  a  number  of  new 
genes  linked  to  ALS  {TDP-43,  FUS,  UBQLN,  OPTIN,  VCP,  and  C90RF72)  (Kabashi  et  ah, 
2008,  Sreedharan  et  ah,  2008,  Kwiatkowski  et  ah,  2009,  Vanee  et  ah,  2009,  Johnson  et  ah,  2010, 
Maruyama  et  ah,  2010,  DeJesus-Hemandez  et  ah,  2011,  Deng  et  ah,  2011,  Renton  et  ah,  2011), 
the  most  extensively  studied  gene  is  superoxide  dismutase  1  (SODl)  sinee  there  exists  a  widely- 
used  mouse  model  reeapitulating  many  aspeets  of  human  ALS  as  a  result  of  mutant  SODl 
expression  (Rosen  et  ah,  1993,  Gurney  et  ah,  1994). 

A  number  of  studies  have  foeused  on  the  role  of  astroeytes  as  a  meehanism  of  disease 
modifieation  in  ALS.  Mueh  of  this  work  has  foeused  on  in  vitro  studies  in  whieh  astroeytes 
derived  from  transgenic  mice  harboring  the  human  mutant  SODl  gene  are  co-cultured  with  wild- 
type  motor  neurons  (Di  Giorgio  et  ah,  2007,  Nagai  et  ah,  2007,  Di  Giorgio  et  ah,  2008).  This  co¬ 
culture  system  has  revealed  that  astrocytes  can  induce  wild-type  motor  neuron  cell  death,  likely 
through  the  release  of  soluble  factors.  Subsequent  studies  have  also  demonstrated  this 
phenomenon  using  autopsy-derived  human  astrocytes  from  ALS  patients  as  well  (Haidet-Phillips 
et  ah,  2011,  Re  et  ah,  2014).  We  have  previously  demonstrated  that  this  phenomenon  can  be 
recapitulated  in  vivo  following  the  engraftment  of  mutant  SODl  glial  progenitor  derived- 
astrocytes  into  wild-type  rats  (Papadeas  et  ah,  2011).  The  engrafted  astrocytes  induce  host  wild- 
type  motor  neuron  cell  death,  corresponding  focal  limb  weakness,  and  gliosis  of  host  astrocytes 
and  microglia.  Lastly,  deletion  of  the  mutant  SODl  gene  specifically  in  astrocytes  of  the  ALS 
mouse  model  leads  to  motor  neuron  protection  and  an  extension  of  survival  in  these  mice 
(Yamanaka  et  ah,  2008).  Collectively,  these  studies  indicate  there  are  cell  autonomous  changes 
that  occur  within  astrocytes  expressing  ALS-linked  mutations. 


However,  less  is  known  about  how  healthy,  wild-type  astrocytes  might  respond  in  a 
neurodegenerative  environment  such  as  the  human  ALS  spinal  cord  or  the  spinal  cord  of  rodent 
ALS  models  such  as  the  SOD  1^^^^  mouse.  Indeed,  during  the  course  of  ALS  disease 
progression,  glutamate  concentrations  are  elevated,  cytokines  and  reactive  oxygen  species  are 
released,  and  debris  from  injured  or  dying  motor  neurons  can  trigger  inflammation  in  the  ventral 
horn  (Rothstein  et  ah,  1990,  Shaw  et  ah,  1995,  Henkel  et  ah,  2009).  This  is  accompanied  by 
neuronal  as  well  as  oligodendroglial  cell  death  and  microgliosis  (Kang  et  ah,  2013,  Philips  et  ah, 
2013).  It  is  well  known  that  the  human  ALS  spinal  cord  also  undergoes  extensive  astrocytosis 
manifested  by  changes  in  the  glutamate  transporter  excitatory  amino  acid  transporter  2  (EAAT2) 
and  glial  fibrillary  acidic  protein  (GFAP)  (Rothstein  et  ah,  1995).  Astrocytes  in  the  SODl^^^^ 
mouse  spinal  cord  also  undergo  dramatic  changes  during  the  course  of  disease  including 
upregulation  of  GFAP,  morphological  transformation  including  hypertrophy  with  GFAP^ 
spheroids,  and  loss  of  FAAT2  (GFTl  in  rodents)  (Bendotti  et  ah,  2001,  Rossi  et  ah,  2008). 
However,  these  astrocytes  carry  the  AFS-linked  SODl  mutation  which  has  been  shown  to  have 
cell-autonomous  effects  (Di  Giorgio  et  ah,  2007,  Nagai  et  ah,  2007,  Di  Giorgio  et  ah,  2008, 
Yamanaka  et  ah,  2008,  Papadeas  et  ah,  2011).  Neuronal-restricted  expression  of  mutant  SODl 
led  to  a  late  onset  motor  phenotype  and  increased  expression  of  GFAP  by  spinal  cord  wild-type 
astrocytes  in  one  study  (Jaarsma  et  ah,  2008);  however,  parallel  work  reported  no  motor  neuron 
degeneration  or  astrocytosis  by  neuronal-specific  mutant  SODl  expression  (Fino  et  ah,  2002). 
Overall,  it  is  unknown  how  healthy,  wild-type  astrocytes  respond  to  the  neurodegenerative  spinal 
cord  environment  such  as  in  the  case  of  therapeutic  transplantation. 

This  is  particularly  of  interest  not  only  to  understand  intrinsically  how  astrocytes  may 
respond  to  this  environment  but  also  with  an  eye  towards  a  preclinical  understanding  of  these 


differences  for  translational  therapeutics  in  ALS.  Indeed,  various  sources  of  stem  cells  are  being 
explored  for  transplantation  including  neural  stem  cells,  glial-restricted  progenitors  (GRPs),  and 
induced  pluripotent  stem  cells  (iPSCs)  which  can  differentiate  into  astrocytes  (Suzuki  et  ah,  2007, 
Lepore  et  ah,  2008b,  Xu  et  ah,  2009,  Krencik  et  ah,  2011,  Glass  et  ah,  2012,  Riley  et  ah,  2012, 
Feldman  et  ah,  2014,  Haidet-Phillips  et  ah,  2014).  The  anticipated  therapeutic  effects  of  these 
cellular  therapies  are  hypothesized  to  be  due  in  part  to  astrocyte-related  cellular  functions.  Thus, 
understanding  how  the  neurodegenerative  environment  influences  these  cells  may  yield  valuable 
information  related  to  astrocyte  function  in  health  and  disease. 

We  have  previously  demonstrated  that  rodent  GRPs  can  provide  therapeutic  efficacy  in 
the  ALS  rat  model  (Lepore  et  ah,  2008b).  Likewise,  we  have  characterized  engraftment  and 
differentiation  of  human  GRPs  (hGRPs)  into  the  SODl^^^^  mouse  model  of  ALS  (Lepore  et  al., 
2011).  However,  in  our  previous  studies,  the  hGRPs  were  transplanted  only  into  the  diseased 
ALS  spinal  cord  environment.  In  our  current  study,  we  used  hGRPs  derived  from  normal  human 
subjects  transplanted  into  the  spinal  cords  of  both  wild- type  mice  and  SODl^^^^  mice  to  address 
whether  there  are  differences  in  the  survival,  migration,  differentiation,  and  gene-expression 
profiles  of  these  cells  in  this  neurodegenerative  environment.  Here,  we  demonstrate  that  the 
SODl^^^^  spinal  cord  environment  does  not  inherently  change  the  engraftment  of  hGRPs  or  their 
gene  expression  profile  in  vivo.  Thus,  transplanted  hGRPs  retain  a  characteristic  profile  which  is 
independent  of  the  neurodegenerative  spinal  cord  environment,  suggesting  these  cells  may 
preserve  their  wild-type  identity  after  therapeutic  transplantation  to  the  neurodegenerative  human 
ALS  spinal  cord. 

Material  and  Methods 


Ethics  Statement 


Brain  tissue  from  fetal  eadavers  of  gestational  age  from  17  to  24  weeks  is  used  as  the  starting 
material  for  isolation  and  purifieation  proeedures  of  hGRPs.  Tissue  is  proeured  by  Proeurement 
Speeialists  employed  by  Advanced  Bioscience  Resources  (ABR;  Alameda  CA;  FEIN 
3005208435)  following  Donor  ID  and  Informed  Consent  SOPs  and  Donor  Medical  Record 
Review  procedures. 

The  Johns  Hopkins  Animal  Care  and  Use  Committee  (lACUC)  approved  the  research 
protocol  #MO13M403  for  the  transplantation  studies  of  these  cells  on  January  10,  2014  (expires 
Jan  10,  2015). 

Derivation  and  Culture  of  Human  Glial-Restricted  Progenitors  (hGRPs) 

hGRPs  (also  referred  to  as  Q-Cells®)  were  derived  as  previously  described  (Campanelli  et  ah, 
2008,  Sandrock  et  ah,  2010),  with  the  addition  of  two  passages  for  a  total  of  21  days  of  in  vitro 
expansion.  Briefly,  fetal  forebrain  (17-24  weeks  gestational  age)  was  mechanically  and 
enzymatically  dissociated,  followed  by  positive  selection  via  magnetic-activated  cell  sorting  with 
the  glial  progenitor-specific  cell-surface  antigen,  A2B5.  Following  selection,  hGRPs  were 
cultured  in  vitro  on  polyomithine-coated  flasks  [DMEM-F12  with  E-glutamine  and  15  mM  4-(2- 
hydroxyethyl)-l-piperazineethanesulfonic  acid  (Fife  Technologies;  Carlsbad,  CA),  IX  N1 
(Sigma- Aldrich;  St.  Eouis,  MO),  0.01%  human  serum  albumin  (Baxter;  Deerfield,  IE),  20  ng/mL 
bFGF  (Peprotech;  Rocky  Hill,  NJ),  10  ng/mL  PDGF-AA  (Peprotech)]  for  20  days  and 
subsequently  frozen  [0.5X  medium,  IX  ProFreeze  non-animal  origin  freezing  medium  (Lonza 
Bio  Whittaker;  Basel,  Switzerland),  7.5%  DMSO  (Sigma- Aldrich)].  Frozen  aliquots  were  thawed 
and  immediately  prepared  for  injections  as  described  below  (Lepore  et  ah,  2008b). 


Human  GRP  Transplantation 


Human  GRPs  were  suspended  (in  basal  medium)  at  a  eoncentration  of  7.5  x  lO"*  eells/uL.  After 
the  completion  of  the  transplantation  session,  cell  viability  was  assessed  using  the  trypan  blue 
assay  and  was  always  found  to  be  greater  than  75%.  Immune  suppressed  animals  received 
transplants  at  50-60  days  of  age.  Animals  were  immune  suppressed  by  intraperitoneal 
administration  of  FK-506/Rapamycin  (Img/kg/each;  LC  Laboratories;  Woburn,  MA)  daily 
beginning  five  days  before  grafting  and  continuously  until  sacrifice.  Each  mouse  received  2 
grafts  (bilaterally  at  C5)  of  1.5x10^  cells/site  (in  2pL  basal  media)  into  the  ventral  horn.  Cells 
were  delivered  using  a  10  pL  Hamilton  Gastight  syringe  with  an  attached  30-gauge  45°  beveled 
needle  (Hamilton;  Reno,  NV).  The  injection  pipette  was  secured  to  a  manual  micromanipulator 
(World  Precision  Instruments;  Sarasota,  FL)  attached  to  an  80°  tilting  base  (Lepore  et  ah,  2008b). 
The  tip  was  lowered  to  a  depth  of  0.75  mm  below  the  surface  of  the  cord  and  was  held  in  place 
for  2  minutes  before  and  after  cell  injection.  Cells  were  delivered  under  the  control  of  a 
microsyringe  pump  controller  (World  Precision  Instruments)  at  a  rate  of  IpL/minute. 

Animals 

Transgenic  mice  carrying  the  human  SOD  I  gene  with  the  G93A  mutation  (B6SJL- 
Tg(SODI*G93A)IGur/J:  Stock  #  002726)  or  their  wild-type  B6SJL  littermates  were  used  .  Male 
and  female  mice  were  obtained  from  The  Jackson  Laboratory  (Bar  Harbor,  ME),  and  maintained 
as  an  in-house  colony.  On  average,  SODl^^^^  mice  developed  clinical  disease  onset  at  90  days 
of  age  and  reached  disease  endstage  at  approximately  125  days  of  age  (Gurney  et  ah,  1994).  For 
all  studies,  equal  numbers  of  males  and  females  were  included  in  all  groups,  and  animals  from 
the  same  litter  were  distributed  amongst  groups.  All  procedures  were  conducted  in  strict 
accordance  with  the  guidelines  set  by  the  European  Communities  Counsel  Directive  (November 
24th,  1986),  the  NIH  Guide  for  the  Care  and  Use  of  Laboratory  Animals,  the  Guidelines  for  the 


Use  of  Animals  in  Neuroscience  Research  and  the  Johns  Hopkins  University  lACUC,  and 
measures  were  taken  to  minimize  any  potential  pain  or  animal  discomfort.  Mice  were  housed  at 
standard  temperature  (2UC)  and  in  a  light  controlled  environment  with  “ad  libitum”  access  to  the 
food  and  water,  and  were  maintained  in  racks  of  ventilated  cages.  In  order  to  avoid  dehydration, 
Hydrogel  packs  were  provided  when  animals  started  to  show  disease  symptoms. 

Tissue  Processing 

Animals  were  sacrificed  at  90  days  of  age  or  at  endstage  for  SODl^^^^  mice  with  endstage 
defined  as  the  inability  to  right  themselves  during  a  30  second  time  window.  Wild-type  B6SJL 
littermates  were  sacrificed  at  either  90  days  of  age  or  at  the  same  time  as  endstage  SODl^^^^ 
mice  in  order  to  obtain  an  age-matched  set  of  wild- type  mice.  Mice  were  deeply  anaesthetized 
and  then  transcardially  perfused  with  ice-cold  0.9%  saline,  followed  by  ice-cold  4% 
paraformaldehyde  (Fisher  Scientific;  Pittsburgh,  PA).  Spinal  cords  were  removed  from  the 
animal,  followed  by  cryoprotection  in  30%  sucrose  (Fisher)/0.1  M  phosphate  buffer  at  4“C  for  3 
days.  The  tissue  was  embedded  in  Tissue  Freezing  Media  (Triangle  Biomedical  Sciences),  fast 
frozen  with  dry  ice,  and  stored  at  'SO^C  until  processed.  Spinal  cord  tissue  blocks  were  cut  in 
transverse  plane  at  30  pm  thicknesses.  Sections  were  collected  on  glass  slides  and  stored  at  '20“C 
until  analyzed.  Subsets  of  spinal  cord  slices  were  collected  in  TBS  for  free-floating 
immunohistochemistry. 

Immunohistochemistry 

Tissue  sections  were  blocked  for  1  hr.  in  10%  goat  serum  with  0.3%  triton-X,  probed  overnight 
with  primary  antibody  at  4°C  in  2%  goat  serum  with  0.3%  triton-X,  washed  in  TBS  and  then 
incubated  with  secondary  antibody  (Alexa  Fluor,  Life  Technologies  at  1:1000  or  Jackson 
Immunoresearch  at  1:200)  for  2  hrs.  at  room  temperature  followed  by  further  washing  in  TBS. 


Tissue  sections  were  mounted  with  Prolong  Gold  with  DAPI  (Life  Technologies).  Primary 
antibodies  used:  Human  nuclear  antigen  (HuNA)  (Millipore  #MAB1281,  1:100),  Tujl  (Covance 
#MRB-435P,  1:500),  Glial  Fibrillary  Acidic  Protein  (GFAP)  (DAKO  #Z0334,  1:400),  GFAP 
(Millipore,  #AB5541,  1:300),  Human-specific  GFAP  (Stem  Cells,  Inc  #STEM123,  1:500),  Ki67 
(Thermo  Scientific  #RM-9106,  1:400),  and  01ig2  (Millipore  #AB9610,  1:500).  Images  were 
acquired  on  either  a  Zeiss  fluorescence  microscope  using  a  Photometric  Sensys  KAF-1400  CCD 
camera  (Roper  Scientific)  or  on  a  Zeiss  laser  confocal  microscope. 

Transplanted  cells  were  localized  by  staining  for  human  nuclear  antigen  (HuNA) 
antibody  (to  identify  human  cells  in  rat  spinal  cord).  To  estimate  the  total  number  of  surviving 
cells,  spinal  cord  sections  were  stained  for  HuNA  and  DAPI  and  mosaic  images  were  acquired 
on  a  Zeiss  fluorescence  microscope  to  capture  the  entire  mouse  spinal  cord  section  in  one  image. 
Every  6^*'  section  was  imaged  throughout  the  entire  rostral-caudal  extent  of  the  spinal  cord  where 
HuNA^  cells  were  present.  The  images  were  converted  to  tif  files  for  analysis  using  Adobe 
Photoshop  CS5  to  further  magnify  the  images  during  the  quantification  process.  In  these  sections, 
all  HuNAVDAPI^  cells  were  counted.  The  total  number  of  HuNAVDAPI^  cells  from  all  sections 
was  summed  and  multiplied  by  6  to  estimate  the  total  number  of  surviving  cells  as  we  have 
described  previously  (Eepore  et  ah,  2008b,  Eepore  et  ah,  2011). 

To  quantify  the  percentage  of  transplanted  cells  differentiating  toward  astrocytes  or 
oligodendrocytes,  the  transplanted  cells  were  identified  by  HuNA  immunohistochemistry  and 
double  stained  for  either  GEAP  or  01ig2.  Images  were  acquired  at  the  site  of  injection  as  well  as 
1  mm  and  2  mm  rostral  and  caudal  from  the  site  of  injection  for  analysis.  Eor  the  rostral-caudal 
distribution  analysis,  images  were  taken  both  rostral  and  caudal  from  the  injection  site  and 
pooled  together  since  our  previous  studies  have  shown  no  differences  in  differentiation  at  rostral 


versus  caudal  sites.  For  grey/white  matter  differentiation  analysis,  images  were  taken  at  the  site 
of  injection  as  well  as  1  mm  and  2  mm  rostral  and  caudal  from  the  injection  site  and  pooled 
together.  Immunohistochemistry  for  GFAP  was  used  to  delineate  grey/white  matter  borders. 

Images  were  acquired  at  20X  magnification  on  a  Zeiss  confocal  microscope  as  z-stacks 
which  were  converted  to  orthogonal  projections  which  allowed  for  sufficient  resolution  for 
quantification  purposes.  The  images  were  then  converted  to  tif  files  for  analysis  using  Adobe 
Photoshop  CS5  to  further  magnify  the  images  during  the  quantification  process.  For  each  image, 
the  total  number  of  double  positive  (HuNA^GFAP^  or  HuNA^Ohg2^)  cells  was  counted  and 
divided  by  the  total  number  of  HuNA^  cells  per  image  to  calculate  the  percentage  of  cells 
differentiating  toward  astrocytes  or  oligodendrocytes.  The  same  process  was  used  to  quantify  the 
percentage  of  proliferating  cells  using  double  labeling  for  HuNA  and  Ki67.  Due  to  technical 
limitations  of  the  antibody  staining,  separate  spinal  cord  sections  were  used  in  some  cases  for 
HuNA^GFAP^  and  HuNA^01ig2^  immunohistochemistry,  which  accounts  for  about  5%  of  cells 
being  double-counted.  Six  20X  images  were  acquired  at  the  site  of  transplantation  for  analysis 
since  the  majority  of  cells  resided  at  this  site.  For  sites  1  mm  and  2  mm  rostral  and  caudal  from 
the  injection  site,  three  20X  images  were  acquired  at  each  site  for  analysis.  For  each  group,  3-5 
mice  were  analyzed. 

NanoString  Analysis 

NanoString  (NanoString  Technologies,  Inc.,  Seattle,  WA,  http://www.nanostring.com)  analyses 
were  performed  for  all  groups  at  90  days  of  age  and  endstage.  NanoString  probe  design  and 
sequence  information  has  been  previously  described  (Haidet-Phillips  et  ah,  2014).  Mice  were 
perfused  with  ice-cold  0.9%  saline,  and  spinal  cord  tissue  was  harvested  and  fast-frozen  in  liquid 
nitrogen.  RNA  was  isolated  using  TRIzol,  followed  by  DNase  treatment  and  RNA  cleanup  using 


RNeasy  columns  (Qiagen,  Hilden,  Germany,  http;//www. qiagen.com).  For  analysis  of  gene 
expression  by  hGRPs  in  vitro,  RNA  was  isolated  from  hGRPs  at  the  time  of  transplantation  using 
an  identieal  method  as  deseribed  above.  For  the  NanoString  assay,  100  ng  of  RNA  was  loaded 
per  sample.  All  samples  were  normalized  using  internal  positive  eontrols  and  three 
housekeeping  genes  (B2M,  GAPDH,  and  OAZl)  with  human-specifie  probes.  Gene  expression 
was  normalized  using  these  human-speeifie  housekeeping  genes  to  diseount  any  effeets  of 
inereased  proliferation  of  hGRPs  in  the  endstage  SODl^^^^  spinal  eord.  Before  normalization, 
all  raw  values  reading  less  than  10  total  eounts  were  eliminated  from  analysis  beeause  they  were 
under  the  standard  limit  of  deteetion.  Total  eounts,  after  normalization,  were  graphed.  Raw 
eounts  prior  to  normalization  are  shown  in  Supporting  Table  1.  In  terms  of  gene  expression,  a 
“eount”  is  referred  to  as  a  single  molecule  of  mRNA  transeript  bound  by  the  Nanostring®  probes. 
Statistical  Analysis 

All  data  were  analyzed  using  GraphPad  Prism  software  (GraphPad  Software,  San  Diego,  CA, 
http://www.graphpad.oom).  Data  in  all  graphs  are  represented  as  the  mean  +/-  SEM.  For 
immunohistochemistry  analyses,  3-5  mice  were  analyzed  per  group.  For  NanoString  analyses,  3- 
6  mioe  were  analyzed  per  group.  Data  were  analyzed  by  either  one-way  ANOVA  with 
Bonferroni  post-test  or  by  two-tailed  t-test. 

Results 

Glial-restrioted  progenitors  (GRPs)  are  a  lineage-restrioted  preoursor  oell  type  whioh  are 
oapable  of  differentiating  along  the  astrooyte  or  oligodendrooyte  lineage  (Mayer-Prosohel  et  ah, 
1997,  Rao  and  Mayer-Prosohel,  1997).  Our  previous  studies  have  revealed  that  they  largely 
differentiate  into  astrooytes  after  transplantation  and  their  therapeutio  benefit  is  hypothesized  to 


be  due  to  astroeyte-derived  funetions  (Lepore  et  al.,  2008b,  Lepore  et  al.,  2011).  Human  GRPs 
(hGRPs)  were  transplanted  into  the  eervieal  spinal  eord  of  wild-type  (WT)  or  SODl^^^^  miee  at 
50-60  days  of  age.  We  saerifieed  mice  receiving  hGRP  transplants  at  either  90  days  of  age, 
which  corresponds  to  clinical  onset  of  ALS  in  these  mice  (n  =  9  for  WT,  n  =  7  for  or 

at  endstage  of  disease  (n  =  10  for  WT,  n  =  9  for  SODl^^^^).  Since  the  WT  mice  did  not  develop 
disease,  they  were  sacrificed  on  the  same  days  as  the  SODl^^^"^  mice  at  endstage  to  generate 
age-matched  pairs  for  analysis.  We  have  previously  evaluated  both  rodent  GRPs  and  hGRPs  for 
neuroprotection  in  SODl-based  rodent  models  of  ALS  (Lepore  et  al.,  2008b,  Lepore  et  al., 
2011);  thus,  in  this  study,  we  did  not  assess  for  motor  neuron  protection,  but  rather  asked  how 
the  neurodegenerative  spinal  cord  environment  of  the  SODl^^^^  mouse  affects  the  engraftment 
of  hGRPs  and  their  differentiation  potential. 

hGRP  survival  and  migration  is  independent  of  the  SODl^^^'^  spinal  cord  environment 

To  evaluate  whether  there  are  differences  in  the  engraftment  potential  of  hGRPs  when 
transplanted  into  the  WT  versus  the  SODl^^^^  spinal  cord,  we  measured  hGRP  survival  and 
migration  after  transplant.  To  identify  the  transplanted  hGRPs  in  the  mouse  spinal  cord,  we  used 
an  antibody  for  human-specific  nuclear  antigen  (HuNA)  that  allowed  us  to  quantify  the  number 
of  transplanted  human  cells  surviving  and  migrating.  At  both  90  days  of  age  and  endstage  time 
points,  we  observed  hGRPs  surviving  and  migrating  rostrally  and  caudally  from  the  injection 
sites.  No  significant  differences  were  found  in  the  survival  of  hGRPs  in  the  WT  versus 
SODl^^^^  spinal  cord  (Figure  lA)  or  in  the  distances  migrated  by  the  hGRPs  post¬ 
transplantation  (Figure  IB-D).  Most  of  the  transplanted  hGRPs  resided  within  1  mm  of  the  site 
of  transplantation.  However,  in  both  WT  and  SODl^^^^  spinal  cord  environments,  some  hGRPs 


migrated  out  2  mm  past  the  injeetion  site  at  90  days  and  past  3  mm  at  the  endstage  time  point 

(Figure  IB-D). 

Proliferation  of  hGRPs  is  unchanged  over  disease  course  in  spinal  cord 

Although  the  neurodegenerative  spinal  eord  environment  did  not  affeet  survival  or 
migration  of  the  hGRPs,  we  also  assessed  how  proliferation  of  the  transplanted  eells  might  be 
influeneed  by  potential  eytokines,  growth  faetors,  or  other  seereted  moleeules  present  in  the 
SODl^^^^  spinal  eord.  At  both  90  days  and  endstage  time  points,  few  (<10%)  of  the  transplanted 
HuNA^  hGRPs  eo-expressed  the  proliferation  marker  Ki67,  indieating  most  of  the  hGRPs  are  not 
dividing  post-transplantation.  The  pereentage  of  hGRPs  dividing  during  the  symptomatic  phase 
of  SOD  1 -mediated  neurodegeneration  did  not  increase  during  the  90  day  of  age  until  endstage 
timeframe.  There  was  a  small  difference  in  the  percentage  of  hGRPs  expressing  Ki67  at 
endstage  in  the  SODl^^^^  spinal  cord  compared  to  the  WT  spinal  cord  (WT  =  3.0  +/-  0.9%, 
SODl^^^^  =  9.8  +/-  2.4%,  p  <  0.01,  n  =  3  mice/group)  (Figure  2).  This  difference  in  hGRP 
proliferation  between  WT  and  SODl^^^^  was  not  seen  in  the  spinal  cord  at  90  days  of  age.  The 
differences  between  hGRP  proliferation  in  SODl^^^^  mice  when  compared  to  WT  mice  at 
endstage  may  be  a  result  of  a  decrease  in  hGRP  proliferation  in  the  WT  environment  (WT  90 
days  =  5.3  +/-  1.1%,  WT  Endstage  =  3.0  +/-  0.9  %,  p>0.05,  n  =  3  mice/group).  Overall,  the 
differences  in  cell  proliferation  between  the  groups  and  the  changes  within  each  group  are 
modest. 

hGRP  differentiation  in  vivo  is  independent  of  the  spinal  cord  environment 

While  large  differences  in  the  capacity  for  survival  and  migration  of  hGRPs  were  not 
observed,  we  also  sought  to  evaluate  whether  the  process  of  differentiation  into  glial  subtypes 


was  altered  in  the  neurodegenerative  spinal  eord  environment.  Sinee  hGRPs  are 

eapable  of  differentiating  along  the  astroeyte  or  oligodendroeyte  lineage,  we  quantified  the 
pereentage  of  transplanted  HuNA^  hGRPs  eo-expressing  either  the  astroeyte  marker,  glial 
fibrillary  aeidie  protein  (GFAP),  or  the  early  oligodendroeyte  lineage  marker,  01ig2.  No 
differenees  were  seen  in  the  pereent  of  hGRPs  expressing  this  astroeyte  marker  in  the  SODl^^^^ 
spinal  eord  versus  the  WT  spinal  eord  at  either  90  days  or  endstage  at  the  transplantation  site 
(Figure  3A,  C-D).  Between  80-90%  of  the  HuNA^  hGRPs  eo-expressed  GFAP  at  90  days  of 
age  that  stayed  eonsistent  through  the  endstage  of  disease.  As  we  have  observed  in  past  studies, 
differentiation  toward  astroeytes  was  favored  eompared  to  the  oligodendroeyte  lineage  with 
fewer  HuNA^  eells  eo-expressing  01ig2  eompared  to  GFAP  in  all  study  groups  (Figure  3B,  E-F) 
(Lepore  et  ah,  2011).  In  addition  to  analyzing  hGRP  differentiation  at  the  transplantation  site,  we 
also  quantified  differentiation  of  hGRPs  at  distant  sites  1-2  mm  along  the  rostral-eaudal  axis 
from  the  injeetion  site  (Supplemental  Figure  1).  We  observed  inereased  differentiation  toward 
the  oligodendroeyte  lineage  at  more  distant  rostral-eaudal  sites  eompared  to  at  the  injeetion  site 
whieh  we  have  previously  noted  (Lepore  et  ah,  2011).  However,  the  genotype  of  the  transplant 
reeipient  (WT  or  SODl^^^^)  did  not  infiuenee  the  pereentage  of  HuNA^  eells  beeoming  GFAP^ 
astroeytes  or  01ig2^  oligodendroeyte-lineage  eells.  Similarly,  the  loeation  of  the  transplanted 
eells  within  either  the  grey  or  white  matter  did  not  affeet  their  differentiation  toward  GFAP^ 
astroeytes  or  01ig2^  eells  of  the  oligodendroeyte  lineage  in  either  WT  or  SODl^^^^  spinal  eords 
(Supplemental  Figure  2). 

Analysis  using  HuNA^GFAP^  immunohistoehemistry  revealed  that  no  differenees  exist 
in  the  pereentage  of  hGRPs  beeoming  astroeytes  in  the  SODl^^^^  spinal  eord  versus  the  WT 
spinal  eord.  To  more  elosely  examine  the  morphology  of  the  hGRP-derived  astroeytes  in  vivo. 


we  localized  the  engrafted  human  astrocytes  using  an  antibody  for  human-specific  GFAP.  Low 
magnification  analysis  of  the  injection  site  showed  no  alterations  in  how  the  hGRP-derived 
astrocytes  integrate  into  the  grey  matter  architecture  of  the  SODl^^^^  spinal  cord  versus  the  WT 
spinal  cord  (Figure  4A-B).  At  the  endstage  time  point,  the  hGRP-derived  astrocytes  integrated 
extensively  into  the  grey  matter  of  the  spinal  cord  of  both  WT  and  SODl^^^^  mice  with  some 
cells  also  migrating  into  white  matter  tracts.  High  magnification  analysis  revealed  the  hGRP- 
derived  astrocytes  develop  characteristic  astrocyte  morphology  with  ramified  processes 
extending  out  from  the  cell  body  (Figure  4C-D).  No  alterations  in  this  typical  morphology  were 
noted  even  when  the  astrocytes  developed  in  the  neurodegenerative  environment  of  the 
SODl^^^^  spinal  cord.  Qualitatively,  the  hGRP-derived  astrocytes  did  not  display  heightened 
GFAP  expression  after  engraftment  into  the  SODl^^^^  spinal  cord  even  though  endogenous 
mouse  astrocytes  of  the  SODl^^^^  spinal  cord  upregulate  GFAP  at  sites  distant  from  the 
transplantation  area,  consistent  with  ventral  horn  motor  neuron  neurodegeneration 
(Supplemental  Figure  3).  Therefore,  although  host  astrocytes  of  the  SODl^^^^  mouse  model 
undergo  morphological  changes  such  as  hypertrophy,  adoption  of  a  spheroid-shaped  cell  body 
with  thick,  short  processes,  and  upregulation  of  GFAP  (Bendotti  et  ah,  2001,  Rossi  et  ah,  2008), 
we  did  not  observe  these  changes  in  the  hGRP-derived  astrocytes  engrafted  into  the  SODl^^^^ 
spinal  cord. 

Human-specific  gene  expression  profiling  analysis  of  the  engrafted  hGRPs 

Next,  we  evaluated  the  gene  expression  profile  of  the  transplanted  cells  at  90  days  of  age 
and  endstage  comparing  the  profile  in  the  SODl^^^^  spinal  cord  to  the  WT  spinal  cord.  Although 
immunohistochemical  measures  allow  for  the  analysis  of  cell  morphology,  gene  expression 
profiling  provides  the  opportunity  to  quantitatively  assess  an  entire  panel  of  genes  in  vivo.  Using 


Nanostring®  technology,  we  developed  a  panel  of  custom,  human-specific  probes  to  measure 
gene  expression  specifically  in  the  transplanted  human  cells.  This  panel  included  well-described 
genes  expressed  by  neural  progenitor  cells,  neurons,  oligodendrocytes,  and  astrocytes  as  well  as 
less  characterized  genes  found  to  be  expressed  specifically  in  astrocytes  in  vivo  by  gene-profiling 
methods  (Cahoy  et  ah,  2008).  Nanostring®  technology  is  a  probe-based  method  for  direct  RNA 
analysis  optimized  for  detection  of  small  amounts  of  RNA  such  as  in  a  xenograft  paradigm 
(Geiss  et  al,  2008).  This  probe-based  method  allows  for  specific  detection  of  RNA  expression 
changes  in  the  transplanted  human  cells  separate  from  the  endogenous  host  mouse  cells  in  the 
spinal  cord.  We  have  previously  used  this  approach  to  characterize  the  gene  expression  profile  of 
human  iPSC-derived  astrocyte  progenitors  after  transplantation  to  the  rodent  spinal  cord  (Haidet- 
Phillips  et  ah,  2014). 

Gene  expression  was  evaluated  in  hGRPs  just  prior  to  transplantation  in  vitro  as  well  as 
in  vivo  at  both  90  days  of  age  and  endstage.  Since  hGRPs  were  transplanted  to  the  cervical 
region  of  the  mouse  spinal  cord,  RNA  was  isolated  from  the  cervical  region  for  analysis.  Since 
the  hGRPs  do  not  migrate  to  the  lumbar  spinal  cord,  the  lumbar  region  of  the  spinal  cord  served 
as  a  negative  control  to  ensure  probes  did  not  cross-react  with  endogenous  mouse  RNA. 

Astrocyte-related  gene  expression  in  engrafted  cells  is  largely  independent  of  disease 
environment  in  the  spinal  cord 

Using  this  method,  we  detected  expression  of  a  variety  of  astrocyte-related  genes 
including  GFAP,  aquaporin-4,  connexin  43,  EZR,  F3,  EAATl,  EAAT2,  and  MLCl  (Figure  5). 
As  we  have  previously  observed,  GEAP  is  highly  expressed  in  the  normal  human  spinal  cord  at 
levels  much  greater  than  many  other  astrocyte-related  genes  (Haidet-Phillips  et  ah,  2014).  The 


engrafted  hGRP-derived  astroeytes  displayed  log-fold  changes  in  GFAP  expression  after 
transplantation  to  the  WT  and  SODl^^^^  spinal  cord  at  both  the  90  days  and  endstage  time  points 
(Figure  5A)  (n  =  3-6  mice/group,  p  <  0.05).  These  increases  in  GFAP  expression  likely 
represent  the  maturation  from  a  progenitor  cell  type  (tiGRP)  along  the  astrocyte  lineage  after 
transplantation.  Interestingly,  we  saw  no  differences  in  GFAP  expression  in  hGRP-derived 
astrocytes  engrafted  into  the  SODl^^^^  spinal  cord  versus  the  WT  spinal  cord  at  90  days  or 
endstage.  These  results  are  consistent  with  our  immunohistochemical  analysis  revealing  no 
upregulation  of  human-specific  GFAP  after  engraftment  to  the  SODl^^^"^  spinal  cord. 

We  also  evaluated  other  astrocyte-related  genes  to  determine  whether  they  undergo 
changes  in  the  hGRP-derived  astrocytes  in  response  to  a  neurodegenerative  spinal  cord 
environment.  In  addition  to  GFAP,  the  genes  aquaporin-4,  connexin  43,  EZR,  and  F3  showed 
increases  or  trends  toward  increased  expression  following  engraftment  to  the  spinal  cord  (Figure 
5B-E).  However,  we  did  not  observe  differences  in  the  expression  of  these  astrocyte-related 
genes  in  the  SODl^^^^  spinal  cord  when  compared  to  the  WT  spinal  cord  at  90  days  or  endstage. 

Interestingly,  the  glutamate  transporter,  EAAT2,  was  increased  only  after  transplantation 
into  the  SODl^^^^  spinal  cord  environment,  but  not  the  WT  spinal  cord  (Figure  5F)  (n  =  3-6 
mice/group,  p  <  0.05).  It  has  been  well  documented  that  EAAT2  (but  not  EAATl)  is  lost  from 
astrocytes  during  the  course  of  disease  in  both  rodent  models  of  AES  as  well  as  in  the  human 
AES  spinal  cord  (Rothstein  et  ah,  1995,  Bristol  and  Rothstein,  1996,  Bendotti  et  ah,  2001). 

While  moderate,  our  observed  increase  in  EAAT2  gene  expression  in  the  hGRP-derived 
astrocytes  engrafted  into  the  SODl^^^^  spinal  cord  may  be  a  compensatory  mechanism  to  offset 
the  loss  of  this  transporter  observed  in  the  neurodegenerative  spinal  cord.  No  differences  were 
observed  in  the  astrocyte  membrane  protein,  MLCl,  or  the  glutamate  transporter,  EAATl,  in 


hGRP-derived  astrocytes  in  the  WT  versus  spinal  eord  (Figure  5G-H).  EAATl 

expression  was  deteeted  in  the  hGRPs  prior  to  transplantation  as  has  been  reported  previously 
(Maragakis  et  ah,  2004).  This  expression  decreased  after  transplantation  to  the  WT  and 
SODl^^^^  spinal  eord  at  90  days  and  endstage  (n  =  3-6  miee/group,  p  <  0.05).  These  data  are 
eonsistent  with  glial  development  in  that  EAATl  expression  is  known  to  peak  earlier  eompared 
to  the  glutamate  transporter,  EAAT2,  at  least  in  rodents  (Shibata  et  ah,  1997,  Elllensvang  et  ah, 
1997,  Kugler  and  Sehleyer,  2004,  Regan  et  al,  2007).  Additionally,  the  proportion  of  glutamate 
transport  managed  by  EAATl  versus  EAAT2  varies  in  diverse  subtypes  of  astroeytes  (Danbolt, 

2001,  Regan  et  al.,  2007). 

Expression  of  progenitor  and  non-astrocyte-related  genes  in  engrafted  hGRPs  is  independent 
of  the  spinal  cord  environment 

In  addition  to  examining  expression  of  astroeyte-related  genes,  we  also  measured  the 
expression  of  astroeyte-progenitor  genes  as  well  as  genes  expressed  by  other  neural  lineages 
besides  astroeytes.  The  astroeyte  preeursor  markers  CD44  and  SIOOP  are  expressed  early  in  the 
development  of  astroeytes  and  eontinue  to  be  detected  in  mature  astroeytes  as  well  (Eiu  et  al., 

2002,  Vives  et  al.,  2003,  Eiu  et  al.,  2004).  CD44  was  not  expressed  by  the  hGRPs  until  after 
transplantation  while  SIOOP  was  detected  in  hGRPs  at  the  time  of  transplantation.  (Figure  6A-B). 
No  differenees  in  CD44  or  SlOOp  expression  were  observed  between  hGRPs  engrafted  in  WT 
versus  SODl^^^^  miee.  We  also  measured  the  expression  of  progenitor  cell  markers  sueh  as 
nestin  and  sox2.  No  differenees  in  expression  of  either  of  these  markers  were  observed  in  hGRPs 
transplanted  into  the  SODl^^^^  spinal  cord  compared  to  the  WT  spinal  eord. 

Our  immunohistoehemieal  analysis  of  the  transplanted  hGRPs  revealed  that  the  majority 
of  eells  differentiate  into  astroeytes  while  only  20-30%  of  the  transplanted  eells  beeome  01ig2^ 


cells  of  the  oligodendroeyte  lineage.  Gene  profiling  analysis  of  the  hGRPs  deteeted  expression  of 
both  01ig2  as  well  as  platelet-derived  growth  faetor  reeeptor  a  (PDGFRa),  another  gene 
expressed  by  oligodendroeyte  preeursors  (Figure  6E,  F).  In  addition  to  expression  of 
oligodendroeyte  progenitor  genes,  the  engrafted  eells  also  expressed  the  early  oligodendroeyte 
gene  CNPase  with  no  differenees  observed  in  eells  transplanted  to  the  SODl^^^^  spinal  eord 
versus  WT  eontrol  (Figure  6G).  The  absenee  of  genes  involved  in  myelin  produetion  sueh  as 
myelin  oligodendroeyte  protein  (MOG),  is  eonsistent  with  the  observation  that  eells  with  an 
oligodendroglial  fate  at  these  timepoints  are  not  myelin  produeing  (Figure  6H). 

Furthermore,  as  expeeted,  no  mieroglial  gene  expression  (ITGAM),  nor  neuronal  gene 
expression  (P-tubulin)  was  deteeted  sinee  the  hGRPs  are  a  lineage-restrieted  preeursor  only 
eapable  of  differentiating  to  astroeytes  or  oligodendroeytes  (Figure  61,  J).  These  data  indieate 
that  even  in  the  neurodegenerative  spinal  eord  environment,  the  hGRPs  retain  their  lineage 
restrietion. 

Discussion 

Astroeytes  have  beeome  inereasingly  reeognized  for  their  role  in  maintaining 
homeostasis  in  the  spinal  eord.  Indeed,  astroeyte  dysfunetion  has  been  shown  to  eontribute  to 
pathology  in  several  neurodegenerative  diseases  ineluding  the  motor  neuron  disease  ALS. 
Astroeytes  from  the  SODl^^^^  mouse  model  of  ALS  ean  induee  the  degeneration  of  wild-type 
motor  neurons  in  eulture  as  well  as  in  vivo  after  transplantation  to  the  wild-type  rat  spinal  eord 
(Di  Giorgio  et  ah,  2007,  Nagai  et  al,  2007,  Di  Giorgio  et  ah,  2008,  Papadeas  et  ah,  2011). 
Additionally,  this  phenomenon  has  been  reeapitulated  in  vitro  using  human  eells  demonstrating 
that  astroeytes  derived  from  ALS  patient  post-mortem  spinal  eords  also  eause  the  death  of  wild- 


type  motor  neurons  in  culture  (Haidet-Phillips  et  al,  2011,  Re  et  al,  2014).  In  all  of  these  studies, 
astrocytes  expressed  ALS  disease-linked  mutations  (or  possibly  carried  unknown  genetic 
modifications  in  the  case  of  sporadic  ALS  astrocytes).  Therefore,  the  astrocyte  abnormalities  are 
presumed  to  be  a  cell  autonomous  consequence  from  expression  of  the  ALS-linked  mutations. 
Conversely,  in  our  study,  we  sought  to  address  how  the  neurodegenerative  environment  of  the 
ALS  spinal  cord  influences  wild-type  astrocytes  not  carrying  disease-linked  mutations.  Since 
astrocyte  replacement  therapies  involving  engraftment  of  healthy  astrocytes  are  being  considered 
for  ALS,  the  manner  in  which  the  neurodegenerative  environment  affects  healthy  astrocytes  is 
crucial  to  understand. 

To  address  this  question,  we  transplanted  hGRPs  derived  from  normal  human  subjects  to 
the  spinal  cord  of  WT  or  SODl°^^^  mice.  We  chose  to  study  GRPs  because  we  have  observed 
efficacy  upon  rodent  GRP  transplantation  to  the  rat  SODl^^^^  ALS  model  and  thus,  human 
GRPs  are  currently  undergoing  preclinical  studies  to  evaluate  their  safety  for  transplantation  to 
human  ALS  patients  (Lepore  et  ah,  2008b).  Our  previous  studies  using  both  rodent-derived 
GRPs  and  hGRPs  transplanted  into  rodent  SODl^^^^  ALS  models  have  shown  that  these 
progenitors  differentiate  mainly  into  astrocytes  upon  transplantation  with  a  smaller  proportion 
becoming  cells  of  the  oligodendrocyte  lineage  (Lepore  et  ah,  2008b,  Lepore  et  ah,  2011).  We 
evaluated  the  profile  of  the  hGRP-derived  astrocytes  at  two  different  time  points  during  the 
course  of  disease  in  the  SODl^^^^  mice.  Using  both  immunohistochemical  methods  and  gene 
expression  profiling,  we  compared  engraftment  and  gene  expression  of  the  hGRPs  in  the  WT 
versus  SODl^^^^  spinal  cords.  Overall,  no  gross  differences  were  noted  in  the  survival, 
migration,  and  gene  expression  profile  of  the  hGRPs  when  transplanted  into  the 
neurodegenerative  SODl^^^^  spinal  cord  compared  to  the  WT  mouse  spinal  cord. 


The  Nanostring®  gene  profiling  approaeh  used  in  our  study  is  a  powerful  teehnique 
beeause  it  allows  for  the  speeifie  analysis  of  gene  expression  in  the  transplanted  human  eells, 
separate  from  expression  ehanges  in  endogenous  mouse  eells  of  the  spinal  cord.  One  caveat  to 
this  approach  is  that  gene  expression  does  not  always  correlate  with  protein  function.  However, 
we  have  attempted  to  analyze  genes  which  are  not  predicted  to  be  de  novo  synthesized  (i.e. 
cytokines).  Instead,  most  of  the  genes  analyzed  are  surface  molecules  or  membrane 
transporters.  Although  we  cannot  predict  protein  function,  our  gene  expression  data  suggest 
that  hGRP  gene  expression  is  mostly  independent  of  the  neurodegenerative  milieu.  While 
astrocytosis  is  a  well-described  phenomenon  in  both  mouse  models  of  ALS  as  well  as  in  autopsy 
samples  of  spinal  cords  of  patients  with  ALS,  we  did  not  appreciate  that  wild- type  hGRP-derived 
astrocytes  adopted  characteristics  of  astrocytosis  such  as  the  upregulation  of  GFAP,  connexin-43 
or  aquaporin  4  which  is  seen  in  astrocytes  of  the  SODl^^^^  spinal  cord.  These  observations,  with 
regard  to  GFAP  expression  as  at  least  one  signature  of  astrocytosis,  are  consistent  with  our 
previous  observations  after  engraftment  of  rat  wild-type  GRPs  to  the  SOD  1^^^^  rat  spinal  cord. 
The  human-specific  probes  employed  in  this  study,  however,  allow  us  to  identify  gene  changes 
in  human  cells  amongst  surrounding  rodent  cells.  These  data  would  support,  therefore,  that  the 
astroglial  responses  seen  in  the  ALS  spinal  cord  may  be  related  in  part  to  intrinsic  properties  of 
the  astrocytes  themselves  as  opposed  to  a  secondary  reactive  process.  These  observations  may 
also  explain  the  inherent  capability  of  ALS  astrocytes  to  promote  toxicity  to  wild-type  motor 
neurons  as  has  been  described  by  our  group  and  others  (Di  Giorgio  et  ah,  2007,  Nagai  et  ah, 

2007,  Di  Giorgio  et  ah,  2008,  Papadeas  et  ah,  2011).  This  may  be  particularly  relevant  to  cases 
where  human  ALS  astrocytes,  from  both  sporadic  and  SOD  1 -mediated  ALS,  have  been  isolated 
from  autopsy  tissues  and  continue  to  be  toxic  to  wildtype  motor  neurons  (Haidet-Phillips  et  ah. 


201 1,  Re  et  al.,  2014).  One  might  expeet  that  if  this  were  merely  a  reaetive  proeess,  then  those 
ALS-derived  astroeytes  would  not  neeessarily  mediate  the  same  toxieities. 

It  is  intriguing  that  the  only  signifieant  differenee  noted  by  Nanostring®  gene  profiling 
between  engraftment  to  WT  or  SODl^^^^  spinal  eords  was  in  the  upregulation  of  the  glutamate 
transporter,  EAAT2.  EAAT2  is  responsible  for  transport  of  the  majority  of  the  extrasynaptie 
glutamate  in  the  spinal  eord  (Regan  et  ah,  2007).  The  loss  of  EAAT2  has  been  well-doeumented 
in  eases  of  human  AES  as  well  as  in  rodent  models  of  AES  and  is  hypothesized  to  eontribute  to 
motor  neuron  death  through  an  exeitotoxie  meehanism  (Rothstein  et  ah,  1995,  Bristol  and 
Rothstein,  1996,  Bruijn  et  ah,  1997,  Bendotti  et  ah,  2001).  Inereased  levels  of  glutamate  have 
been  found  in  the  eerebrospinal  fluid  of  AES  patients  further  supporting  these  findings 
(Rothstein  et  ah,  1990,  Shaw  et  ah,  1995).  Our  gene  profiling  analysis  revealed  that  the  hGRPs 
only  signifieantly  upregulated  EAAT2  expression  when  engrafted  to  the  SODl^^^^  spinal  eord, 
but  not  the  WT  spinal  cord.  Similar  upregulation  was  not  seen  for  another  glutamate  transporter, 
EAATl,  which  is  not  lost  during  the  course  of  AES  (Rothstein  et  ah,  1995).  Therefore,  this 
EAAT2  upregulation  may  be  a  response  to  compensate  for  the  EAAT2  loss  observed  in  the 
ventral  horn  of  these  mice.  The  increases  in  EAAT2  gene  expression  may  be  muted  by  the 
inability  to  mature  more  fully  in  this  mouse  model  since  endstage  of  disease  occurs  at 
approximately  125  days.  This  lack  of  full  EAAT2  expression  may  also  explain  why  the  more 
rapidly  maturing  rodent  GRPs  showed  behavioral  efficacy  and  neuroprotection  in  a  SODl^^^^ 
rat  model  but  more  slowly  maturing  human  GRPs  failed  to  show  such  differences  (Eepore  et  ah, 
2008b,  Eepore  et  ah,  2011).  Ultimately,  although  the  increase  is  modest  at  this  time  point,  these 
data  suggest  the  hGRPs  have  the  ability  to  adapt  and  respond  to  pathological  events  in  the 


spinal  cord  such  as  EAAT2  loss,  but  they  do  not  adopt  all  characteristics  of  the 
endogenous  astroeytes  sueh  as  GFAP  upregulation  during  astroeytosis. 

Interestingly,  we  did  not  see  differenees  in  survival  between  hGRPs  transplanted  into  the 
wild-type  spinal  eord  and  those  transplanted  into  the  SOD  1^^^^  mouse  spinal  eord.  These 
findings  suggest  that  human  GRPs  are  not  particularly  susceptible  to  an  environment  filled  with 
eytokines,  seereted  growth  faetors  or  other  moleeules  released  by  dying  motor  neurons.  These 
findings  parallel  those  of  previous  in  vivo  transplantation  studies  where  we  did  not  observe 
differenees  in  the  survival  of  GRPs  earrying  the  SODl^^^^  mutation  eompared  with  wildtype 
GRPs  — when  transplanted  into  WT  rats  (Papadeas  et  ah,  201 1).  In  that  study,  we  wondered 
whether  the  presenee  of  mutant  SOD  I  in  GRPs  would  infiuenee  their  survival  when  analyzed 
over  weeks  in  vivo.  We  did  not  appreeiate  any  signifieant  differences  in  survival  between 
SODl^^^^  GRP-derived  astroeytes  and  WT  GRP-derived  astrocytes.  Taking  these  studies 
together,  these  data  would  suggest  that  neither  the  external  neurodegenerative  environment  nor 
the  presenee  of  mutations  in  SODl  within  the  astroeyte  infiuenees  survival  of  GRPs  or  GRP- 
derived  astroeytes.  This  may  explain  why  there  is  little  observed  astroeyte  proliferation  in  ALS 
models  during  the  eourse  of  the  disease  (Lepore  et  ah,  2008a,  Magnus  et  ah,  2008,  Kang  et  ah, 
2010). 

It  is  important  to  note  that  although  we  did  not  see  ehanges  in  hGRP  survival  after 
transplantation  to  the  SODl^^^^  spinal  eord  versus  the  WT  spinal  eord,  we  did  detect  more  cell 
division  by  Ki67  in  the  hGRPs  engrafted  to  the  SODl^^^^  spinal  eord.  Our  data  indieate  that 
hGRPs,  when  transplanted  into  the  WT  spinal  eord,  deerease  proliferation  over  time  whereas 
'-'10%  of  hGRPs  engrafted  into  the  SODl^^^^  spinal  eord  eontinued  to  proliferate  at  endstage. 
The  enhaneed  proliferation  is  somewhat  unpredicted  given  that  no  differenees  in  the  total 


number  of  hGRPs  surviving  in  the  spinal  eord  were  notieed  when  eompared  to  WT  at 

the  endstage  time  point.  It  is  likely  that  the  inerease  in  the  number  of  Ki67^  hGRPs  is  so  small 
that  no  net  effect  is  observed  in  the  total  number  of  HuNA^  cells  surviving  or  that  the  effects  of 
enhanced  proliferation  would  only  be  observed  at  later  time  points  (if  the  SODl^^^^  mice  were 
to  survive  longer). 

We  have  previously  also  used  human  specific  probes  to  examine  the  changes  in  astrocyte 
lineage  genes  of  human  iPSC-derived  astrocyte  progenitors  during  the  transition  from  an  in  vitro 
to  a  WT  in  vivo  environment  using  similar  transplantation  strategies  as  in  the  current  study 
(Haidet-Phillips  et  ah,  2014).  Using  this  method,  we  found  that  astrocyte-specific  gene 
expression  within  the  transplanted  cells  increased  dramatically  after  engraftment  to  the  WT  rat 
spinal  cord.  The  current  study  shows  that  human  GRPs  demonstrate  a  similar  upregulation  of 
astrocytic  genes  following  transplantation  and  long-term  assessment.  Secondly,  it  did  not  appear 
that  the  surrounding  neurodegenerative  environment  influenced  that  profile  of  upregulation. 
Since  human  GRPs  are  derived  from  fetal  spinal  cord  and  forebrain,  we  did  not  have  access  to 
human  GRPs  carrying  the  SODl^^^^  mutation  to  allow  for  comparison  of  the  endogenous 
properties  of  the  human  GRPs  in  vitro  and  in  vivo.  However,  the  use  of  human  iPSC  from  ALS 
patients  with  SODl  mutations  could  make  a  future  evaluation  of  iPSC-derived  astrocyte 
progenitors  using  these  same  paradigms  possible. 

The  use  of  human  glial  progenitors  in  this  transplantation  paradigm  also  allows  for  a  very 
specific  study  of  glial  lineages.  Using  cell-surface  antigens  to  sort  human  GRPs,  a  pure 
population  of  these  cells  can  be  isolated  for  in  vitro  study  (Campanelli  et  ah,  2008,  Sandrock  et 
ah,  2010).  Indeed,  in  this  study  using  human-specific  gene  probes,  we  did  not  detect  the 
upregulation  of  the  neuronal  genes  (P-tubulin)  or  microglial  genes  (ITGAM)  included  in  our 


profile.  This  was  mirrored  immunohistochemically  with  all  of  the  transplanted  human  eells 
differentiating  to  either  GFAP^  astrocytes  or  Ohg2^  cells  of  the  oligodendrocyte  lineage. 

Conclusions 

Overall,  our  data  demonstrate  that  hGRPs  are  not  grossly  influenced  by  the 
neurodegenerative  environment  of  the  SODl^^^^  spinal  cord.  Although  we  observed  slight 
differential  upregulation  of  EAAT2  in  hGRPs  engrafted  to  the  SODl^^^^  spinal  cord,  the  hGRPs 
generally  displayed  no  differences  in  survival,  migration,  or  gene  expression  following 
transplantation  to  the  SODl^^^^  spinal  cord.  Additionally,  the  hGRPs  showed  no  signs  of 
astrocytosis  or  morphological  transformation  despite  their  engraftment  to  an  environment 
characterized  by  active  motor  neuron  degeneration.  These  data  suggest  that  much  of  the  astrocyte 
dysfunction  in  ALS  may  be  due  to  cell  autonomous  damage  caused  by  expression  of  disease- 
linked  mutations  within  astrocytes  rather  than  a  consequence  of  the  neurodegenerative 
environment  on  astrocytes.  Lastly,  the  upregulation  of  EAAT2  despite  a  lack  of  astrocytosis 
observed  in  the  hGRPs  engrafted  to  the  SODl^^^^  spinal  cord  is  encouraging  with  regards  to  the 
therapeutic  potential  for  these  cells. 
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Figure  Legends 

Figure  1.  Engraftment  of  hGRPs  is  independent  of  the  SODl^^^^  spinal  cord  environment.  A) 
Expression  of  human  nuclear  antigen  (HuNA)  was  used  to  identify  transplanted  hGRPs  in  the 
mouse  spinal  cord.  Human  GRP  survival  was  estimated  by  counting  the  total  number  of  HuNA^ 
cells  per  spinal  cord  at  90  days  or  endstage  in  WT  or  SODl^^^^  mice.  B,  C)  Rostral-caudal 
migration  of  hGRPs  after  transplantation  into  the  WT  or  SODl^^^^  spinal  cord  was  quantified  at 
90  days  (B)  or  endstage  (C)  time  points  by  calculating  the  percentage  of  total  HuNA^  cells  along 
the  distance  of  the  spinal  cord.  D)  Rostral-caudal  migration  of  engrafted  hGRPs  as  identified  by 
HuNA  immunohistochemistry  in  the  spinal  cord  of  endstage  SODl^^^^  mice  or  age-matched  WT 
mice.  White  arrows  denote  bilateral  transplantation  site.  Magnification,  lOX  images  compiled  as 
a  mosaic.  All  data  are  graphed  as  mean  +/-  SEM.  n=3-4  mice/group,  p  >  0.05. 

Figure  2.  Proliferation  of  engrafted  hGRPs  is  modestly  enhanced  in  the  SODl^^^^  spinal  cord  at 
endstage,  but  not  90  days.  A,  B)  Human  GRPs  localized  by  human  nuclear  antigen  (HuNA) 
immunohistochemistry  were  double-labeled  with  Ki67  to  identify  dividing  hGRPs  in  the  WT  (A) 
or  SODl^^^^  (B)  spinal  cord  at  the  endstage  time  point.  Scale  bars  =10  pm.  Magnification,  40X. 


C)  The  percentage  of  proliferating  hGRPs  was  measured  by  quantifying  the  proportion  of  total 
HuNA^  cells  co-expressing  the  proliferation  marker  Ki67  at  90  days  or  endstage  time  points. 
Data  are  graphed  as  mean  +/-  SEM.  n  =  3  mice/group,  *p<0.01. 

Figure  3.  Differentiation  of  hGRPs  after  transplantation  to  the  WT  or  SODl^^^^  spinal  cord.  A) 
The  percentage  of  hGRPs  differentiating  to  GFAP^  astrocytes  at  the  site  of  injection  was 
measured  by  quantifying  the  proportion  of  human  nuclear  antigen  (HuNA)^  cells  co-expressing 
the  astrocyte  marker  GFAP  by  immunohistochemistry  at  90  days  and  endstage  in  the  WT  and 
SODl^^^^  spinal  cord,  p  >  0.05  between  all  groups,  n  =  3  mice/group.  B)  The  percentage  of 
hGRPs  differentiating  to  01ig2^  cells  of  the  oligodendrocyte  lineage  at  the  site  of  injection  was 
measured  by  quantifying  the  proportion  of  HuNA^  cells  co-expressing  Ohg2  by 
immunohistochemistry  at  90  days  and  endstage  in  the  WT  and  SODl^^^^  spinal  cord.  *p  <  0.05, 
n  =  3  mice/group.  C,  D)  Representative  images  demonstrating  the  majority  of  engrafted  HuNA^ 
cells  are  expressing  the  astrocyte  marker,  GFAP,  after  transplantation  to  either  the  WT  (C)  or 
SODl^^^^  (D)  spinal  cord  at  endstage.  Scale  bars  =10  pm.  Magnification,  lOOX.  E,  F) 
Representative  images  demonstrating  some  of  the  engrafted  HuNA^  are  expressing  the 
oligodendrocyte  lineage  marker  01ig2  after  transplantation  to  either  the  WT  (E)  or  SODl^^^^  (F) 
spinal  cord  at  endstage.  Arrows  denote  several  HuNA^  cells  co-labeling  for  01ig2.  Scale  bars  = 
10  pm.  Magnification,  lOOX.  All  data  are  graphed  as  mean  +/-  SEM. 

Figure  4,  The  SODl^^^^  spinal  cord  environment  does  not  induce  gross  morphological  changes 
in  hGRP-derived  astrocytes.  A,  B)  The  spinal  cord  ventral  horn  at  the  site  of  injection  was 
analyzed  using  an  antibody  to  human-specific  GFAP  (hGFAP)  to  detect  the  hGRP-derived 


astrocytes.  A  polyclonal  antibody  recognizing  both  human  and  mouse  GFAP  was  used  as  a 
reference  to  identify  the  spinal  cord  borders  as  well  as  distinguish  the  spinal  cord  grey  versus 
white  matter  (denoted  by  white  dotted  lines).  At  the  endstage  time  point,  the  hGRP-derived 
astrocytes  fill  the  ventral  horn  grey  matter  of  both  WT  (A)  and  SODl^^^^  (B)  spinal  cords.  Scale 
bars  =100  pm.  Magnification,  20X  images  compiled  as  a  mosaic.  C,  D)  High  magnification 
analysis  of  hGRP-derived  astrocytes  in  the  WT  (C)  or  SODl^^^^  (D)  spinal  cord  reveals  no 
changes  in  astrocyte  cell  body  or  ramified  cellular  process  morphology  by  human-specific  GFAP 
(hGFAP)  immunohistochemistry.  Scale  bars  =10  pm.  Magnification,  40X  (C),  lOOX  (D). 

Figure  5.  Astrocyte-related  gene  expression  in  engrafted  cells  is  largely  independent  of  the 
SODl^^^^  spinal  cord  environment.  Human-specific  gene  expression  was  measured  in  hGRPs  in 
vitro  just  prior  to  transplantation  and  in  vivo  in  transplanted  cells  at  90  days  and  endstage  after 
engraftment  to  the  WT  or  SODl^^^^  spinal  cord.  A)  GFAP  expression  in  human  cells  engrafted 
to  the  WT  versus  SODl^^^^  spinal  cord.  B)  Expression  of  aquaporin  4  in  human  cells  engrafted 
to  the  WT  versus  SODl^^^^  spinal  cord.  C)  Connexin  43  expression  in  human  cells  engrafted  to 
the  WT  versus  SODl^^^^  spinal  cord.  D)  Expression  of  the  astrocyte-specific  gene  EZR  in 
human  cells  engrafted  to  the  WT  versus  SODl^^^^  spinal  cord..  E)  Expression  of  the  astrocyte- 
specific  gene  E3  expression  in  human  cells  engrafted  to  the  WT  versus  SODl^^^^  spinal  cord.  F) 
EAAT2  expression  was  increased  after  transplantation  to  the  SODl^^^^  spinal  cord  at  90  days 
and  endstage  time  points  whereas  EAAT2  gene  expression  was  not  changed  after  transplantation 
to  the  WT  spinal  cord  at  either  time  point.  G)  Expression  of  the  astrocyte-specific  gene  MLCl  in 
human  cells  engrafted  to  the  WT  versus  SODl^^^^  spinal  cord.  H)  EAATl  expression  in  human 


cells  engrafted  to  the  WT  versus  SODl^^^^  spinal  eord.  All  data  are  graphed  as  mean  +/-  SEM.  n 
=  3-6  miee/group,  *p  <  0.05. 

Figure  6.  Expression  of  progenitor  and  non-astroeyte-related  genes  in  engrafted  hGRPs  is 
independent  of  the  SODl^^^^  spinal  eord  environment.  Human-speeifie  gene  expression  was 
measured  in  hGRPs  in  vitro  just  prior  to  transplantation  and  in  vivo  in  transplanted  eells  at  90 
days  and  endstage  after  engraftment  to  the  WT  or  SODl^^^^  spinal  eord.  A)  Expression  of  the 
astroeyte  progenitor  marker  CD44  in  human  eells  engrafted  to  the  WT  versus  SODl^^^^  spinal 
eord.  B)  Expression  of  the  astroeyte  progenitor  marker  SIOOP  in  human  eells  engrafted  to  the 
WT  versus  SODl^^^^  spinal  eord.  C)  Expression  of  the  progenitor  marker  nestin  in  human  eells 
engrafted  to  the  WT  versus  SODl^^^^  spinal  eord.  D)  Expression  of  the  progenitor  marker  Sox2 
in  human  eells  engrafted  to  the  WT  versus  SODl^^^^  spinal  eord.  E)  Expression  of  the 
oligodendroeyte  lineage  marker  01ig2  in  human  eells  engrafted  to  the  WT  versus  SODl^^^"^ 
spinal  eord.  F)  Expression  of  the  oligodendroeyte  lineage  marker  PDGERa  in  human  eells 
engrafted  to  the  WT  versus  SODl^^^^  spinal  eord.  G)  Expression  of  the  oligodendroeyte  lineage 
marker  CNPase  in  human  eells  engrafted  to  the  WT  versus  SODl^^^^  spinal  eord.  H)  The 
engrafted  human  eells  did  not  express  the  mature  oligodendroeyte  marker  MOG  at  any  time 
point  analyzed.  I)  The  engrafted  human  eells  did  not  express  the  mieroglial-speeifie  gene 
ITGAM  at  any  time  point  analyzed.  J)  The  engrafted  human  eells  did  not  express  the  neuronal- 
speeifie  gene  P-tubulin  at  any  time  point  analyzed.  All  data  are  graphed  as  mean  +/-  SEM.  *p  < 
0.05,  n  =  3-6  miee/group. 
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Supporting  Table  1.  Raw  values  (prior  to  normalization)  for  NanoString®  gene  profiling  of  hGRPs  in  vitro  prior  to  transplantation  and  in  vivo  post-transplantation. 


Gene  Name 

Accession  # 

Class  Name 

AQP4 

NM_004028.3 

Endogenous 

B2M 

NM_004048.2 

Endogenous 

CD44 

NM_001001392.1 

Endogenous 

CNP 

NM_033133.4 

Endogenous 

Connexin  43 

NM_000165.3 

Endogenous 

EZR 

NM_003379.4 

Endogenous 

F3 

NM_001993.3 

Endogenous 

GAPDH 

NM_002046.3 

Endogenous 

GFAP 

NM_002055.4 

Endogenous 

ITGAM 

NM_000632.3 

Endogenous 

MLCl 

NM_015166.3 

Endogenous 

MOG 

NM_001008228.2 

Endogenous 

NFS 

NM_006617.1 

Endogenous 

OAZl 

NM_004152.2 

Endogenous 

OLIG2 

NM_005806.2 

Endogenous 

PDGFRA 

NM_006206.3 

Endogenous 

SIOOB 

NM_006272.1 

Endogenous 

SLC1A3  (EAATl) 

NM_004172.4 

Endogenous 

SOX2 

NM_003 106.2 

Endogenous 

Slcla2  (EAAT2) 

NM_004171.3 

Endogenous 

TUBB3  (beta-tubulin) 

NM_006086.2 

Endogenous 

NEG_A 

ERCC_00096.1 

Negative 

NEG_B 

ERCC_00041.1 

Negative 

NEG_C 

ERCC_00019.1 

Negative 

NEG_D 

ERCC_00076.1 

Negative 

NEG_E 

ERCC_00098.1 

Negative 

NEG_E 

ERCC_00126.1 

Negative 

NEG_G 

ERCC_00144.1 

Negative 

NEG_H 

ERCC_00 154.1 

Negative 

POS_A 

ERCC_00 117.1 

Positive 

POS_B 

ERCC_00112.1 

Positive 

POS_C 

ERCC_00002.1 

Positive 

POS_D 

ERCC_00092.1 

Positive 

POS_E 

ERCC_00035.1 

Positive 

POS_F 

ERCC_00034.1 

Positive 

Mouse 
SC  region 
Genotype 
Age  at  sacrifice 


8  Red 

Lumbar 

WT 

90  days 

9  Blue 

Lumbar 

WT 

90  days 

10  Black 

Lumbar 

SODl 

90  days 

12  None 

Lumbar 

SODl 

90  days 

14  Red 

Lumbar 

WT 

Endstage 

17  Red 

Lumbar 

WT 

Endstage 

4  Red 

Lumbar 

SODl 

Endstage 

5  Red 

Lumbai 

SODl 
Ends  tag 

615 

1008 

1007 

1526 

214 

324 

2109 

108 

1 

3 

1 

1 

2 

1 

1 

2 

7 

3 

4 

5 

1 

3 

20 

1 

1 

5 

2 

1 

2 

1 

2 

1 

1 

4 

28 

33 

1 

1 

19 

2 

3 

3 

1 

3 

2 

1 

3 

1 

2 

2 

1 

1 

1 

1 

2 

1 

434 

544 

366 

546 

215 

231 

282 

62 

1 

2 

7 

14 

1 

1 

8 

1 

1 

3 

1 

1 

2 

1 

1 

1 

1 

7 

3 

4 

1 

2 

2 

1 

1 

1 

1 

1 

1 

2 

1 

1 

1 

1 

35 

41 

1 

1 

35 

3 

12 

15 

22 

23 

11 

8 

22 

2 

1 

1 

5 

10 

1 

1 

13 

1 

1 

10 

3 

2 

1 

1 

2 

1 

3 

2 

4 

3 

2 

1 

3 

1 

1 

2 

4 

2 

1 

2 

4 

1 

2 

1 

4 

3 

1 

3 

3 

1 

1 

1 

17 

23 

1 

1 

24 

1 

1 

2 

1 

3 

2 

1 

1 

1 

6 

7 

4 

9 

3 

3 

10 

2 

1 

2 

4 

6 

3 

4 

3 

1 

2 

2 

6 

8 

1 

1 

7 

1 

2 

3 

3 

15 

1 

1 

6 

1 

8 

13 

9 

15 

4 

5 

7 

1 

7 

8 

6 

5 

3 

1 

4 

1 

1 

1 

1 

2 

1 

1 

1 

1 

4 

3 

1 

2 

1 

1 

3 

2 

16648 

25968 

20758 

23859 

11248 

14521 

24660 

2882 

5842 

9081 

6929 

8535 

3708 

4738 

9041 

651 

1856 

3134 

2398 

2910 

1222 

1553 

3136 

181 

429 

687 

483 

619 

305 

349 

681 

44 

61 

82 

68 

89 

59 

58 

94 

9 

23 

48 

32 

35 

22 

31 

37 

1 

Supporting  Table  1.  Raw  values  (prior  to  normalization)  for  NanoString®  gene  profiling  of  hGRPs  in  vitro  prior  to  transplantation  and  in  vivo  post-transplantation. 


Gene  Name 

Accession  # 

Class  Name 

AQP4 

NM_004028.3 

Endogenous 

B2M 

NM_004048.2 

Endogenous 

CD44 

NM_001001392.1 

Endogenous 

CNP 

NM_033133.4 

Endogenous 

Connexin  43 

NM_000165.3 

Endogenous 

EZR 

NM_003379.4 

Endogenous 

F3 

NM_001993.3 

Endogenous 

GAPDH 

NM_002046.3 

Endogenous 

GFAP 

NM_002055.4 

Endogenous 

ITGAM 

NM_000632.3 

Endogenous 

MLCl 

NM_015166.3 

Endogenous 

MOG 

NM_001008228.2 

Endogenous 

NFS 

NM_006617.1 

Endogenous 

OAZl 

NM_004152.2 

Endogenous 

OLIG2 

NM_005806.2 

Endogenous 

PDGFRA 

NM_006206.3 

Endogenous 

SIOOB 

NM_006272.1 

Endogenous 

SLC1A3  (EAATl) 

NM_004172.4 

Endogenous 

SOX2 

NM_003 106.2 

Endogenous 

Slcla2  (EAAT2) 

NM_004171.3 

Endogenous 

TUBB3  (beta-tubulin) 

NM_006086.2 

Endogenous 

NEG_A 

ERCC_00096.1 

Negative 

NEG_B 

ERCC_00041.1 

Negative 

NEG_C 

ERCC_00019.1 

Negative 

NEG_D 

ERCC_00076.1 

Negative 

NEG_E 

ERCC_00098.1 

Negative 

NEG_F 

ERCC_00126.1 

Negative 

NEG_G 

ERCC_00144.1 

Negative 

NEG_H 

ERCC_00 154.1 

Negative 

POS_A 

ERCC_00 117.1 

Positive 

POS_B 

ERCC_00112.1 

Positive 

POS_C 

ERCC_00002.1 

Positive 

POS_D 

ERCC_00092.1 

Positive 

POS_E 

ERCC_00035.1 

Positive 

POS_E 

ERCC_00034.1 

Positive 

Mouse 
SC  region 
Genotype 
Age  at  sacrifice 


8  Red 

ZJervical 

WT 

90  days 

9  Blue 

Cervical 

WT 

90  days 

10  Red 

Cervical 

WT 

90  days 

10  Green 

Cervical 

WT 

90  days 

10  None 

Cervical 

WT 

90  days 

10  Black 

Cervical 

SODl 

90  days 

12  None 

Cervical 

SODl 

90  days 

11  Red 

Cervical 

SODl 
90  days 

3189 

3001 

5458 

1129 

3405 

4038 

2328 

2171 

792 

138 

2262 

229 

1976 

1686 

354 

493 

88 

17 

67 

27 

56 

65 

46 

34 

308 

49 

813 

45 

296 

659 

238 

59 

214 

37 

1630 

93 

891 

1400 

137 

91 

266 

60 

1627 

124 

776 

1517 

147 

146 

184 

17 

490 

50 

332 

413 

70 

83 

2513 

1223 

3736 

670 

1873 

3045 

961 

796 

1399 

115 

4770 

477 

2881 

3902 

608 

571 

2 

3 

6 

3 

1 

1 

2 

1 

218 

66 

1316 

148 

705 

1133 

102 

123 

11 

6 

62 

3 

31 

40 

16 

7 

294 

76 

755 

92 

408 

655 

134 

153 

217 

79 

461 

76 

247 

380 

104 

101 

670 

73 

1532 

67 

534 

1086 

181 

112 

670 

91 

1463 

81 

619 

1162 

207 

84 

218 

27 

489 

36 

212 

358 

86 

37 

714 

175 

3047 

287 

1997 

2453 

324 

459 

443 

65 

1174 

115 

518 

975 

160 

163 

125 

38 

435 

65 

237 

468 

99 

83 

18 

7 

71 

5 

25 

53 

10 

10 

12 

5 

6 

3 

4 

6 

2 

9 

8 

9 

7 

4 

3 

7 

4 

4 

1 

1 

4 

1 

1 

5 

4 

4 

5 

7 

1 

2 

1 

10 

3 

6 

9 

10 

8 

7 

8 

8 

9 

7 

13 

10 

10 

6 

5 

4 

10 

9 

3 

1 

5 

1 

2 

1 

1 

1 

3 

1 

5 

1 

2 

1 

1 

4 

37241 

40162 

36442 

19017 

33409 

23888 

29219 

32402 

12456 

13393 

12157 

5782 

11427 

7322 

9319 

10756 

4018 

4534 

3930 

1829 

3877 

2381 

2965 

3615 

823 

911 

837 

388 

791 

534 

623 

770 

157 

146 

138 

66 

98 

124 

107 

124 

59 

50 

53 

27 

47 

33 

42 

42 

Supporting  Table  1.  Raw  values  (prior  to  normalization)  for  NanoString®  gene  profiling  of  hGRPs  in  vitro  prior  to  transplantation  and  in  vivo  post-transplantation. 


Gene  Name 

Accession  # 

Class  Name 

AQP4 

NM_004028.3 

Endogenous 

B2M 

NM_004048.2 

Endogenous 

CD44 

NM_001001392.1 

Endogenous 

CNP 

NM_033133.4 

Endogenous 

Connexin  43 

NM_000165.3 

Endogenous 

EZR 

NM_003379.4 

Endogenous 

F3 

NM_001993.3 

Endogenous 

GAPDH 

NM_002046.3 

Endogenous 

GFAP 

NM_002055.4 

Endogenous 

ITGAM 

NM_000632.3 

Endogenous 

MLCl 

NM_015166.3 

Endogenous 

MOG 

NM_001008228.2 

Endogenous 

NES 

NM_006617.1 

Endogenous 

OAZl 

NM_004152.2 

Endogenous 

OLIG2 

NM_005806.2 

Endogenous 

PDGFRA 

NM_006206.3 

Endogenous 

SIOOB 

NM_006272.1 

Endogenous 

SLC1A3  (EAATl) 

NM_004172.4 

Endogenous 

SOX2 

NM_003 106.2 

Endogenous 

Slcla2  (EAAT2) 

NM_004171.3 

Endogenous 

TUBB3  (beta-tubulin) 

NM_006086.2 

Endogenous 

NEG_A 

ERCC_00096.1 

Negative 

NEG_B 

ERCC_00041.1 

Negative 

NEG_C 

ERCC_00019.1 

Negative 

NEG_D 

ERCC_00076.1 

Negative 

NEG_E 

ERCC_00098.1 

Negative 

NEG_F 

ERCC_00126.1 

Negative 

NEG_G 

ERCC_00144.1 

Negative 

NEG_H 

ERCC_00 154.1 

Negative 

POS_A 

ERCC_00 117.1 

Positive 

POS_B 

ERCC_00112.1 

Positive 

POS_C 

ERCC_00002.1 

Positive 

POS_D 

ERCC_00092.1 

Positive 

POS_E 

ERCC_00035.1 

Positive 

POS_E 

ERCC_00034.1 

Positive 

Mouse  7  Red 

SC  region  Cervical 

Genotype  WT 

Age  at  sacrifice  Endstage 


1247 


7  Blue 
Cervical 
WT 

Endstage 


2336 

175 

25 

14 
70 
53 

26 
1325 
286 

4 

34 

4 
11 
43 
16 

15 
27 
52 
21 
10 
3 
13 
2 
3 
1 
8 
11 
1 

5 

40394 

13024 

4409 

898 

165 

60 


14  Red 
Cervical 
WT 

Endstage 


1873 

2400 

44 

394 

896 

528 

168 

1569 

2989 

2 

616 

17 

225 

188 

335 

622 

215 

1287 

353 

218 

17 

3 

4 
1 
1 


16  Black 
Cervical 
WT 

Endstage 


4549 

3523 

108 

682 

1713 

1158 

364 

2684 

7064 

1 

1134 

58 

393 

358 

878 

795 

404 

2115 

743 

367 

29 

10 

8 

2 

1 

13 

3 

2 

5 

33395 

10519 

3495 

749 

141 

45 


17  Red 
Cervical 
WT 

Endstage 


7551 

5578 

238 

1134 

4313 

2871 

780 

3877 

16547 

1 

1836 

93 

663 

575 

1491 

1243 

1032 

2832 

1298 

529 

58 

6 

10 

3 

4 
12 
6 
1 
2 

34119 

10738 

3440 

731 

147 

52 


3  Blue 
Cervical 
SODl 
Endstage 


13960 

15564 

971 

1805 

10367 

4988 

2330 

7483 

51630 

3 

3651 

134 

1314 

1119 

2500 

1883 

1943 

5157 

2451 

1260 

145 

9 

13 

11 

15 

9 

11 

1 

4 

28818 

9984 

3389 

667 

124 

37 


3  None 
Cervical 
SODl 
Endstage 


1455 

79 

36 

12 

64 

22 

7 

578 

264 

2 

16 

3 

25 

27 

14 

6 

12 

31 

12 

16 

2 

4 
4 
9 

3 
6 

4 
1 
1 

17029 

5653 

1771 

404 

73 

20 


4  Red 
Cervical 
SODl 
Endstage 


3699 

543 

121 

21 

298 

254 

140 

1046 

2353 

1 

175 

3 

92 

53 

46 

15 

111 

289 

84 

64 

11 


Supporting  Table  1.  Raw  values  (prior  to  normalization)  for  NanoString®  gene  profiling  of  hGRPs  in  vitro  prior  to  transplantation  and  in  vivo  post-transplantation. 


Gene  Name 

Accession  # 

Class  Name 

AQP4 

NM_004028.3 

Endogenous 

B2M 

NM_004048.2 

Endogenous 

CD44 

NM_001001392.1 

Endogenous 

CNP 

NM_033133.4 

Endogenous 

Connexin  43 

NM_000165.3 

Endogenous 

EZR 

NM_003379.4 

Endogenous 

F3 

NM_001993.3 

Endogenous 

GAPDH 

NM_002046.3 

Endogenous 

GFAP 

NM_002055.4 

Endogenous 

ITGAM 

NM_000632.3 

Endogenous 

MLCl 

NM_015166.3 

Endogenous 

MOG 

NM_001008228.2 

Endogenous 

NFS 

NM_006617.1 

Endogenous 

OAZl 

NM_004152.2 

Endogenous 

OLIG2 

NM_005806.2 

Endogenous 

PDGFRA 

NM_006206.3 

Endogenous 

SIOOB 

NM_006272.1 

Endogenous 

SLC1A3  (EAATl) 

NM_004172.4 

Endogenous 

SOX2 

NM_003 106.2 

Endogenous 

Slcla2  (EAAT2) 

NM_004171.3 

Endogenous 

TUBB3  (beta-tubulin) 

NM_006086.2 

Endogenous 

NEG_A 

ERCC_00096.1 

Negative 

NEG_B 

ERCC_00041.1 

Negative 

NEG_C 

ERCC_00019.1 

Negative 

NEG_D 

ERCC_00076.1 

Negative 

NEG_E 

ERCC_00098.1 

Negative 

NEG_E 

ERCC_00126.1 

Negative 

NEG_G 

ERCC_00144.1 

Negative 

NEG_H 

ERCC_00 154.1 

Negative 

POS_A 

ERCC_00 117.1 

Positive 

POS_B 

ERCC_00112.1 

Positive 

POS_C 

ERCC_00002.1 

Positive 

POS_D 

ERCC_00092.1 

Positive 

POS_E 

ERCC_00035.1 

Positive 

POS_F 

ERCC_00034.1 

Positive 

Mouse 
SC  region 
Genotype 
Age  at  sacrifice 


5  Red 
Cervical 
SODl 
Endstage 


8785 

12896 

490 

1041 

6358 

3346 

1726 

6440 

24341 

7 

2233 

42 

894 

476 

1305 

1751 

1184 

3580 

1703 

908 

75 


16  Red 
Cervical 
SODl 
Endstage 


2239 

1770 

50 

378 

1006 

464 

144 

2092 

1892 

1 

494 

9 

268 

131 

354 

647 

164 

1123 

362 

187 

9 
6 
11 

10 
7 
10 
7 
5 
4 

32987 

10562 

3444 

761 

137 

28 


16  Blue 
Cervical 
SODl 
Endstage 


7165 

4692 

393 

1206 

3811 

1973 

939 

4773 

15232 

7 

1656 

87 

889 

638 

1702 

1282 

744 

3074 

1361 

580 

98 

5 

6 
11 
7 
11 
14 
1 
7 

31818 

9879 

3141 

686 

126 

42 


hGRPs 
in  vitro 
#1 


hGRPs 
in  vitro 
#2 


hGRPs 
in  vitro 
#3 


